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Abstract
Natural dissolved organic carbon (DOC) is well known to influence the aggregation of 
colloidal (sub-micron) inorganic particles in aquatic systems. What is less known is how 
differences in DOC precursor materials can influence these effects. The objective of this 
thesis is to investigate how the DOC from different source materials can influence the 
aggregation of organic and inorganic colloids, and subsequent floe morphology.
The known aggregation factors of pH, temperature, inorganic colloid composition and 
concentration, ionic activity and system hydrodynamics were operationalized in two 
laboratory-based studies (2002, 2003). The initial carbon concentration of DOC from 
allochthonous (plant-based), autochthonous (plankton-based) and anadromous (salmon- 
based) sources was standardized in each study ( 6  mg C/1 and 10 mg C/1, respectively). 
Flocculation was induced by differential settling over seven days using a mechanical 
rotation bed. Post-flocculation aggregates were photographed in situ for size distribution 
analysis. Aggregate yields were determined gravimetrically by fractionation with GF/C 
filters, and the GF/C filtrate analyzed for post-flocculation DOC concentration.
Results of the first experiment supported the hypotheses that compositional differences in 
DOC from allochthonous, autochthonous and anadromous sources would result in 
significantly different yields of GF/C-retained kaolin aggregates, and in significantly 
different amounts of DOC partitioned from the dissolved phase. Aggregate yield 
depended inversely on the surface tension of the initial DOC suspensions.
11
Results of the seeond experiment supported the hypotheses that eompositional differences 
between allochthonous and anadromous DOC would result in significantly different 
yields of GF/C-retained auto- and hetero-aggregates, and significantly different aggregate 
densities and maximal (equilibrium) floe sizes. Heterotrophic bacterial metabolism 
influenced weakly the aggregate yields and floe morphology.
The results indicated that the genesis of DOC influenced the aggregation/dispersion 
characteristics of organic and inorganic colloids, and the physical characteristics of 
generated floes. The increased aggregate yield from anadromous DOC inputs, coupled 
with the larger amounts of carbon partitioned to these aggregates, suggest the potential 
for increased sedimentation and benthic nutrient-loading following the die-off of 
spawning salmon.
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Preface
The object of these investigations was to examine the influence of dissolved organic 
carbon (DOC) from three distinct sources on the aggregation characteristics of aquatic 
colloids under laboratory conditions. The results of the investigations are presented in 
two chapters, following a general introduction.
Chapter 1 is an overview of the environmental roles of DOC, and how the origins of 
DOC affect its ability to perform these functions. Also discussed is the conceptual 
paradigm of the physical process of colloid aggregation, and our current understanding of 
the involvement of DOC in colloid behavior.
Three hypotheses were developed and tested in Chapter 2. First, the source material of 
DOC will significantly influence the amounts of GF/C-retained aggregates formed under 
operationalized conditions. Second, DOC from different sources will partition differently 
to the aggregates. Finally, both the degree of surface-partitioning and the amount of 
filter-retained aggregates will be correlated to the surface tension of the test suspensions. 
Figure 1.1 is a flow diagram depicting Chapter 2 experimental design.
Four general hypotheses were developed and tested in Chapter 3. First, DOC type would 
significantly influence the yield of auto-aggregates (no kaolin) and hetero-aggregates 
(kaolin added). Second, DOC type would significantly influence the amount of carbon 
partitioning to the filter-retained auto-aggregates and hetero-aggregates. Third, DOC type 
would significantly influence the morphology and size distribution of auto-aggregated 
and hetero-aggregated floes, and finally; the metabolic activity of heterotrophic bacteria 
would significantly influence both the yield and morphology of auto-aggregates and 
hetero-aggregates. Figure 1.2 is a flow diagram depicting Chapter 3 experimental design.
Chapter 4 is a summary of the conclusions and implications of the experimental chapters, 
makes recommendations for improved methodologies, and suggests avenues for further 
investigation.
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Figure 1.1 Flow diagram of Chapter 2 experimental setup: (1) Alloehthonous, autochthonous and 
anadromous DOC GF/C-filtered and standardized to 6 mg C/1. DOC stocks and ultrapure controls 
standardized to pH 7 and 190 pS/cm standard conductivity. (2) Standardized stocks subsampled for 
initial-state surface tension analysis. (3) Dispersed kaolin added to each standardized stock (to 10 
mg/1). (4) Three replicate subsamples of each final solution sealed in 4-liter glass jars and 
mechanically mixed for seven days at room temperature. (5) Post flocculation: Each replicate filtered 
through pre-weighed GF/C filters. Filter-retained aggregate mass determined by difference, post- 
flocculation DOC concentration determined from filtrate.
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Figure 1.2 Flow diagram of Chapter 3 experimental setup: (1) Allochthonous and anadromous 
DOC GF/C-filtered and standardized to 10 mg C/1. (2) One-half of each DOC stock and ultrapure 
control sterilized with sodium azide, all six solutions then adjusted to a standard pH (7.5) and 
conductivity (270 pS/cm). (3) All solutions split into two, one-half of each treated with dispersed 
kaolin (grey). (4) Three replicate subsamples of each final solution sealed in glass jars and 
mechanically mixed for seven days at room temperature. (5) Post-flocculation: Aggregates of 
each replicate digitally photographed in situ for size distribution and settling characteristics; all 
replicates subsampled for SEM analysis, then filtered through pre-weighed GF/C filters for 
aggregate yield and final DOC analysis.
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Chapter 1 
Introduction to Dissolved Organic Carbon, and Factors 
Influencing Colloid Aggregation
1.1 Dissolved organic carbon
Natural dissolved organic carbon (DOC) is the leachate of decomposed organic matter, 
and is present in all aquatic ecosystems (Baron et al., 1991; Meili, 1992). “Dissolved” 
refers to the organic material in a representative water sample that passes through a GF/C 
glass-fiber filter, with determinations made on subsamples of the filtrate. Thus, DOC 
contains truly “dissolved” species as well as a size-spectrum of suspended organic solids 
up to the filter cut-off size (e.g. Whatman GF/C, nominal pore size 1.2 pm). The 
concentration of natural DOC in surface waters can vary from less than 1 mg C/1 to 
extremes as high as 400 mg C/1 (Curtis, 1998). Generally, DOC is known to be a complex 
mixture of decomposition compounds ranging from low molecular weight sugars, amino 
acids and proteins, to the more recalcitrant lignin-based fulvic acids and high molecular 
weight (» 1 0 0 0  amu) humic acids (Buffle et al., 1982; Malcolm, 1990; Volk et al.,
1997). The frequencies and combinations of these decomposition products can vary 
widely depending on the type or types of precursor organic materials. This compositional 
variability can significantly influence the optical and physico-chemical responses of 
aquatic systems (Malcolm, 1990; Volk et al., 1997; McKnight et al., 2001).
The environmental influence of DOC has been the subject of research for many years. It 
is known to be a primary microbial food source in some aquatic ecosystems (Tranvic and 
Hofle, 1986; Jansson et al., 2000), and offers protection to aquatic biota by its ability to 
attenuate high energy solar UV radiation (Botbwell et al., 1994; Lean, 1998). The 
capacity to adsorb elemental nutrients, organic pollutants and toxic metals makes DOC 
an important factor in reducing metal toxicity, in pollution transport and in 
biogeocbemical cycling (Wijayaratne and Means, 1984; Buffle et al., 1990; Richards et 
al., 2001). DOC bas also been reported to strongly influence the aggregation properties of 
a wide range of aquatic colloids (sub-micron sized solids), but the scope of its influence 
is poorly understood (Jekel, 1986; Kretzscbmar et al., 1993; Wilkinson et al., 1997).
Many characteristics of DOC vary systematically as a function of the initial precursor 
materials and the environment and conditions in which it decomposed (Malcolm, 1990; 
Meili, 1992; McKnight, 1994; Yang and Wu, 1999; Zhou and Wong., 2000). Because of 
source-dependent variability, researchers have traditionally defined two basic “types” of 
DOC found within aquatic systems based on genesis. These pools, analytically 
distinguishable by their physico-chemical characteristics, are termed allochthonous (from 
elsewhere), the terrestrial component, and autochthonous (from within), the aquatically- 
derived component (Wetzel, 2001). A brief overview of the physico-chemical properties 
of DOC from these traditional sources and of DOC from animal precursors {anadromous 
DOC) follows.
1.1.1 Allochthonous DOC
Allochthonous DOC is the hydrologically-transported leachate from decomposed 
vegetation on and within the soils of terrestrial catchments. The quantity of allochthonous 
DOC loading to streams can be strongly influeneed by catchment morphology and 
hydrologie regime (Baron et al., 1991; Curtis and Schindler, 1997; Curtis, 1998), and by 
the amount and type of preeursor materials available. Allochthonous DOC is derived 
primarily from the baeterial deeomposition and transformation of lignin and polyphenol- 
based plant material, and typically contains 30% to 40% of the earbon content in the 
aromatie form (Malcolm, 1990). Allochthonous DOC strongly attenuates solar radiation 
and has identifiable fluoreseence characteristies as a result of these ehemieal structures 
(Sensei et. al. 1991; McKnight et al., 2001). Allochthonous DOC generally contains a 
large number of ionizable earboxylie and phenolic functional groups (Chen and 
Schnitzer, 1978; Tipping, 2002), which can buffer acid or complex metal ions (Ephraim 
et al., 1989; Luider et al., 2004).
1.1.2 Autochthonous DOC
Autochthonous DOC is produced within aquatic systems primarily from the leaehing of 
dead algae and macrophytes, and from microbial exudates (Lampert and Sommer, 1997). 
Although allochthonous DOC usually dominates most inland streams, there typically is a 
small but variable autochthonous DOC component influencing system response (Vannote 
et al., 1980; Wetzel, 2001). To differentiate the properties of autochthonous DOC from
the allochthonous component, two approaches to isolate autochthonous DOC have been 
employed. One is using mesocosms, artificial ecosystems with carbon inputs limited to 
aquatic precursors (e.g. Luider et ah, 2004), the other is using natural Antarctic lakes, 
where vegetation-devoid catchments contribute minimally to the dissolved earbon pool of 
the lake ecosystem (e.g. McKnight et ah, 1994). Due to the lower concentration of 
aromatics in the precursor biota, autochthonous DOC has only 12% to 17% of the total 
carbon in aromatic form (McKnight et ah, 2001). As a consequence of these and other 
compositional differences, autochthonous DOC absorbs less solar radiation per unit of 
carbon and has a lower proton and metal complexation capacity than its allochthonous 
counterpart (Sensei et ah, 1989; Luider et ah, 2004).
1.1.3 Anadromous DOC
A third, less studied type of DOC found episodically in some natural systems is termed 
“anadromous” {upward run). This animal-based DOC results from the decomposition and 
leaching of salmon carcasses within stream systems following spawning events. The 
potential for anadromous DOC loading can be extreme in some systems. For example, in 
the 2002 late-fall spawning season, an estimated 2.3 million sockeye salmon 
{Oncorhynchus nerka) spawned and died in a single 12 km reach of the Adams River in 
south central British Columbia. Conservatively, die-off introduced over five-million 
kilograms of decomposing salmon tissue into the system (~4 kg/m^) as an anadromous 
DOC source.
The ecological importance of anadromous DOC to spawning streams is well documented. 
For example, the bio-labile anadromous inputs are known to enhance microbial 
populations and associated bio-films (Fisher Wold and Hershey, 1999), and are believed 
to control benthic primary productivity in some systems (Richey et al., 1975; Johnston et 
al., 1998, 2004). Although the aggregation potential of anadromous DOC has not been 
investigated, a recent study into spawning-stream particle dynamics reported changes in 
aggregate density coinciding with the spawning die-off, and that the adsorbed carbon 
from those aggregates exhibited selective metal-complexing abilities (Petticrew and 
Arocena, 2003). These results suggest that anadromous DOC may potentially influence 
the physical and physico-chemical characteristics of aggregates formed in its presence, 
and supports the hypothesis that the source material of DOC may influence colloid 
aggregation and resulting floe characteristics.
1.2 Aggregation
Aggregation is the physical process by which many colloids, defined as suspended 
particles between 1 nm and 1 pm in size, assoeiate into a body sufficiently large and 
dense to settle from the water column. This process is divided mechanistically into two 
general classes: coagulation and flocculation. In coagulation, the aggregation occurs 
when physical conditions allow inter-particle collisions resulting in direct particle- 
particle adhesion by short-range Van der Waals force. The aggregates formed by this 
mechanism tend to be compact and poorly flexible (Buffle and Leppard, 1995). In 
flocculation, the aggregation is accomplished by organic bridging compounds that form
links between many suspended colloidal particles, creating macroscopic floe networks 
which are able to settle from the water column (Hunter, 1993; Manahan, 1994). The size, 
density and formation rate of aggregates formed by flocculation are dependent on the 
relative size of the bridging organic macromolecules, and tend to be less dense and more 
flexible than those formed by coagulation (Buffle and Leppard, 1995).
Colloids are known to play an important role in the transport, bioavailability and 
biogeocbemical fates of organic toxins and labile metal ions in aquatic ecosystems 
(Martin and Dai, 1995; Ross and Sherrell, 1999; Guo et a l, 2000). Colloid characteristics 
such as high surface free energy, surface charge, exchange capacity, hydrophobicity and 
high surface-volume ratios promote the adsorbance of hydrophobic organic pollutants 
and toxic metal ions onto the particle surface (Stumm and Morgan, 1981; Filella et a l, 
1993). The fate of adsorbed toxins is largely determined by whether these particles 
remain suspended and are hydrologically dispersed, or if they flocculate and are 
sequestered in the local sediments. For example, the aggregation of colloids into larger 
sedimenting particles has been suggested by some as the dominant process for the 
removal of metals from aquatic environments (Li et a l, 1984; Honeyman and Santschi, 
1989; Wells et a l, 1998), and for the accumulation of toxic pesticides in lake sediments 
(Poirrier et a l, 1972). Thus, a clear understanding of the factors controlling colloid 
stabilization and aggregation is critical for the development and refinement of pollution 
transport models.
A fundamental difficulty in characterizing aggregation is the wide range of conditions in 
natural systems, and the large number of factors involved in the process. However, a 
conceptual paradigm on aggregation has emerged which identifies the factors promoting 
the stability and transport of colloids, and the factors responsible for the de-stabilization 
and subsequent aggregation of suspended colloids. Numerous studies have shown that at 
a given temperature, the factors of colloid composition and concentration, pH, ionic 
strength, system hydrodynamics, and the presence of certain organic compounds all 
combine to influence the rates and characteristics of particle aggregation (Hill et al., 
1992; Hunter, 1993; Kretzscbmar et al., 1997; Milligan and Hill, 1998; Schmitt et al., 
2002).
The key stabilization factor in colloidal systems is inter-particle electrostatic repulsion, 
which results from the net negative surface charge that is typical of inorganic colloids in 
the natural environment. Many researchers believe that the negative surface charge 
associated with most inorganic colloids results from ionic substitution within the crystal 
lattice of the mineral particles, and varies depending on the lattice structure and 
compositional materials (Hunter, 1993). Other researchers suggest that in natural 
systems, uniform negative surface charges result from the surficial adsorption of anionic 
DOC compounds, regardless of colloid composition (Hunter and Liss, 1982; Loder and 
Liss, 1985; Buffle et al., 1998).
There are three general factors known to influence the electrostatic-induced stability of 
colloid suspensions. The first factor is ionic activity (Arora and Coleman, 1979; Hunter,
1993). The negatively charged colloids attract neutralizing shells of cations in solution 
which form diffuse secondary ionic layers in the solution immediately surrounding the 
colloid surfaces. The long-ranged electrostatic repulsion between these “diffuse double 
layers” can dominate the strong, short-ranged attractive inter-particle forces at low ionic 
concentrations, and inhibit the collision and sticking of the particles. This is the basis of 
the well known DLVO theory, developed independently by Derjaguin and Landau (1941) 
of the USSR, and by Verwey and Overbeek (1948) of the Netherlands. By increasing the 
ionic activity of a stabilized system to its “critical coagulation concentration”, the diffuse 
double layers are compressed to the extent that the strong, short-ranged attractive forces 
(Van der Waals) can dominate, allowing particles to collide and stick, resulting in 
coagulation (Ross and Morrison, 1988). This effect is evident in the silt deposition seen 
in estuaries, where the suspended solids in the freshwater system rapidly precipitate upon 
exposure to the high-salt marine environment (Hunter and Liss, 1982). At low ionic 
concentrations, however, if the available kinetic energy (thermal, gravitational and fluid 
shear) is insufficient to overcome the repulsive forces, a stabilized colloidal suspension 
should tend to remain dispersed by inter-particle electrostatic repulsion.
The second factor, system hydrodynamics, is known to influence both the rates of colloid 
aggregation, and subsequent floe morphology (Lick, 1993; Milligan and Hill, 1998). This 
factor promotes the collision between particles by supplying the kinetic energy required 
to overcome mutual electrostatic and steric repulsion, leading to floe formation (Farley 
and Morel, 1986). Conversely, when a floe reaches a critical size, fluid shear can 
overcome structural integrity and floe breakup occurs, thus limiting the maximal (or
equilibrium) floe size of a given system (Milligan and Hill, 1998). In aquatie systems, the 
kinetic energy required for inter-particle collisions is derived from Brownian motion 
(thermal), differential settling (gravity), and turbulence (fluid shear). The combinational 
magnitude of the three inputs governs the collision frequency (O’Melia,1980; Gibbs, 
1983), and has been demonstrated to affect both the density and maximal size of the 
generated floes (Buffle et al., 1998; Milligan and Hill, 1998). It is noted that the density 
and viscosity of water varies widely over the range of environmental temperatures 
(Athens, 1994). Because these properties strongly influence all three collision 
mechanisms, temperature should be considered a major variable influencing system 
hydrodynamics.
The final solution parameter known to influence colloid stability is dissolved organic 
carbon. Depending on composition, DOC can have either stabilizing or de-stabilizing 
properties. For example, suspended colloidal particles are reported to be stabilized by the 
surface-adsorption of allochthonous DOC (Jekel, 1986; Filella et al., 1993; Kretzscbmar 
et al., 1993,1997). Conversely, specific components of autochthonous DOC have been 
reported to de-stabilize inorganic colloids, even in the stabilizing presence of 
allochthonous DOC (Wilkinson et al., 1997; Buffle et al., 1998). A “three-colloidal- 
component” model of DOC/colloid interaction has been developed to account for the 
range of responses.
In the three-colloid model, it is proposed that aggregation is controlled by three colloidal 
components which are found in varying proportions in most natural systems: compact 
inorganic colloids, fulvic acids and other refractory organic colloids, and long rigid 
biopolymers (Buffle et ah, 1998). The model holds that the surface-adsorption of fulvic 
acids, a major component of the alloehthonous pool, can stabilize colloids by surface- 
charge modification (e.g. Hunter and Liss, 1982; Loder and Liss, 1985), or by inter- 
partiele sterie repulsion (e.g. Tipping and Higgins, 1982; Napper, 1983; Kretzscbmar et 
ah, 1993). Conversely, the autochthonous DOC pool contains variable amounts of long 
fibrillar biopolymers (>100 nm) able to bridge the range of inter-particle repulsion, 
linking colloids into enmeshing network floes. This increased potential for flocculation 
suggests that source-dependent variability of DOC could be a key factor in the 
aggregation and sedimentation characteristics of aquatie systems.
The amount of surface-adsorbed DOC, as well as its dimensional characteristics, may 
also influence colloid stability. For example, a sufficiently thick adsorption layer of 
model anionic polymers was reported to lead to bridging between particles, resulting in 
flocculation (Lafuma et ah, 1991). In a recent investigation of source-speeifie DOC, the 
amount of carbon adsorbed to inorganic substrates was found to be dependent on DOC 
source (Zhou and Wong, 2000), suggesting a possibility of increased flocculation for 
DOC types with a higher potential to adsorb. Although aggregate yields were not 
reported, the results suggest that a correlation might exist between DOC type and 
amounts of settleable aggregate formed via colloid flocculation.
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Differences in adsorption potential may result from variability in the hydrophobic 
fraction of natural DOC. In aqueous systems, the presence of dispersed hydrophobic 
molecules tends to increase the free energy of the system by distorting the structure of the 
water, thereby decreasing entropy. If these molecules are partitioned to the solvent 
interfaces, the entropy term increases and the free energy of the system is minimized. 
Therefore, it is thermodynamically favorable for such molecules, termed “surface-active 
agents”, to partition to water/colloid interfaces where they can adsorb on the hydrophobic 
colloid surfaces.
Surfactants are a class of surface-active molecules within the natural DOC pool that have 
the potential to form inter-particle bridges through linking of reactive functional groups. 
Surfactants possess both a polar hydrophilic head which associates readily with water 
(often an ionic functional group), and non-polar hydrophobic tails which orient 
themselves outwards from the water at all interfacial surfaces. The orientation of the 
hydrophobic, electrically-neutral surfactant tails towards colloid surfaces increases the 
probability of hydrophobic-hydrophobic interaction and surface adsorption. The typical 
range of inter-particle electrostatic repulsion is on the order of a hundred nanometers 
(Hunter, 1993), which suggests that adsorbed surfactants with sufficiently long 
electrically-neutral tails could bridge the repulsive barrier, leaving the reactive head 
group free to interact with other colloids or similarly bound DOC molecules. Supporting 
this proposed mechanism, investigators have reported that the surface adsorption of short 
polymers (a few nanometers) had a stabilizing effect on colloids, whereas adsorption of 
polymers from 0.1 pm -  1 pm long was found to induce the flocculation of stabilized 
colloids (Buffle et al., 1998).
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The hydrophobic tails of surfactants also reduce surface tension by interfering with the 
inter-molecular attraction between surficial water molecules. Thus, surface tension 
depression can be used as a surrogate measure of the surfactant activity of a given 
solution, with high surfactant content correlating to depressed surface tension. 
Environmentally, surface tension is reported to vary widely between natural systems 
(Hutchinson, 1957), and is known to vary as a function precursor material (Chen and 
Schnitzer, 1978). Although surfactants are well known to influence surface interactions 
(Aksenenko et al., 1998), a possible correlation between surface tension and the 
adsorption and aggregation potentials of any DOC type has not been reported to date.
DOC may also influence particle aggregation indirectly in some systems, through its 
relationship with opportunistic heterotrophic bacteria. Colonizing bacteria are known to 
metabolize particle-adsorbed and floc-incorporated DOC, exploiting a readily available 
carbon source (Tranvik and Sieburth, 1989; Tietjen et al., 2005)). The presence of 
attached microbes is known to influence the chemical composition and size of 
aggregates, likely due to extracellular secretions in the aggregate macrostructure (Paerl, 
1975). The metabolic activity of microbes is also believed to produce new DOC bridging 
materials able to de-stabilize colloids through flocculation (Buffle and Leppard, 1995; 
Buffle et al., 1998). Since precursor organic materials are known to significantly 
influence the bio-lability of DOC and the amounts of DOC adsorbing to inorganic 
substrates (Zhou and Wong, 2000), it seems reasonable that the source-dependent 
variability of DOC might lead to differential colonization and production of aggregation- 
inducing bridging materials.
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Finally, DOC can also influence the physieal morphology of the resulting floes, and their 
concomitant settling characteristics. For example, floes produced by organic bridging 
compounds tend to be larger and less dense than the floes formed by coagulation (Buffle 
and Leppard, 1995), with characteristically slower settling velocities. Floe integrity is 
known to be enhanced by particle-adsorbed organics (Lick et al., 1993), and the 
equilibrium floe size can increase with increased eoneentrations of the flocculating agent 
(Spieer et al., 1996). Aggregate settling characteristics can also be influenced by the 
DOC-seavenging bacteria which are often incorporated into the strueture of freshwater 
aggregates (Paerl, 1975). The settling velocities of this type of aggregate are influenced 
more by microbial composition than by actual floe size in some eases (Grossart and 
Simon, 1993). Combined, these observations suggest that the source-dependent 
variability in bio-lability and adsorption potential may strongly influence the amounts 
and physical properties of floes formed under the influence of different DOC types.
In this investigation, the effect of DOC from decomposing Kokanee salmon 
(Oncorhynchus nerka) on colloid aggregation and floe morphology is compared and 
contrasted with the effects of allochthonous and autochthonous DOC. Kokanee salmon 
are the land-locked variety of Pacific sockeye salmon {Oncorhynchus sp.); they spend 
their developmental life in freshwater lakes rather than in salt-water environments, thus 
they are not truly “anadromous”. The important commonality with ocean-run Pacific 
salmon is the adult-stage spawning phase which involves mass migration into the 
freshwater streams of their origins, where they die in the spawning stream following 
reproduction. Herein, “anadromous” inputs will refer to the elements and nutrients 
introduced to streams from decomposing Kokanee salmon following die-off.
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Chapter 2
Influence of Dissolved Organic Carbon on the Stability of 
Suspended Kaolin
2.1 Abstract
A laboratory-based investigation was conducted to determine the influence of DOC from 
allochthonous (soil-based), autochthonous (plankton-based) and anadromous (salmon- 
based) sources on surface tension, and on the aggregation/dispersion characteristics of 
colloidal kaolin. The initial DOC and kaolin concentrations were standardized to 6 mg 
C/1 and 10 mg/1, respectively. Aggregation was induced by differential settling over seven 
days under standardized conditions. Colloid de-stabilization was quantified by the yield 
of aggregates retained on GF/C-filters.
The aggregate yields of the anadromous and autochthonous suspensions were statistically 
similar (12.0 mg/1 vs 11.6 mg/1), but both were significantly greater than the aggregate 
yields of the allochthonous (8.9 mg/1) and the carbon-free controls (7.2 mg/1). Aggregate 
yield was significantly correlated to the amount of the initial DOC partitioned to the 
aggregates (Pearson’s r=0.802, p<0.01, n=9). The amount of the DOC partitioned to the 
filter-retained fraction was significantly different for each DOC type, with anadromous 
(61%) three-fold that of autochthonous (21%), and twenty-fold that of allochthonous 
(3%). DOC partitioning was inversely correlated to surface tension (r^=0.726, p<0.05).
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Surface tension was also dependent on the type of DOC, and was significantly different 
between the DOC suspensions at a standard 6 mg C/1, with anadromous (71.14 mN/m) 
greater than autochthonous (71.24 mN/m) and allochthonous (71.64 mN/m). Aggregate 
yield was inversely dependent on surface tension (r^=0.995, p<0.05), indicating the 
potential of surface tension depression as a predictor of colloid de-stabilization for natural 
DOC.
2.2 Introduction
Colloids are ubiquitous sub-micron sized organic and inorganic particles that regulate the 
transport, bioavailability and biogeochemical fates of organic toxins and labile metal ions 
in aquatic ecosystems (Martin and Dai, 1995; Ross and Sherrell, 1999; Guo et al., 2000). 
Because colloids in the environment exhibit exchange capacity, hydrophobicity, high free 
surface energy and surface charge, they promote the surface adsorption of trace metals 
and hydrophobic organic pollutants (Stumm and Morgan, 1981; Filella et al., 1993). The 
aggregation and subsequent sedimentation of colloids is believed to be the principal 
mechanism of removal of toxic metals from aquatic systems (Li et al., 1984; Honeyman 
and Santschi, 1989; Wells et al., 1998).
The factors controlling colloid dispersion and aggregation have been the subject of 
research for many years. It is well known that colloid characteristics of composition and 
concentration, surface charge, and surface coatings all combine with solution parameters 
of pH, temperature, ionic concentration and system hydrodynamics to influence the rate
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and degree of aggregation (Hill et al., 1992; Hunter, 1993; Kretzschmar et al., 1997; 
Milligan and Hill, 1998; Schmitt et al., 2002). Another factor known to influence the 
aggregation/dispersion characteristics of colloids in the environment is the surface- 
adsorption of dissolved organic carbon.
Natural dissolved organic carbon (DOC) is derived from the decomposition and 
transformation of organic matter, and is traditionally defined as the GF/C filter-passing 
fraction of the bulk aqueous carbon pool. DOC is known to influence ecosystem strueture 
and regulate many environmental processes. For example, DOC can be an important 
microbial food source (Tranvic and Hofie, 1986; Jansson et al., 2000), and can protect 
aquatic biota by attenuating high energy solar UV radiation (Bothwell et al., 1994; Lean, 
1998). DOC also adsorbs elemental nutrients and organic pollutants, and can complex 
and detoxify suspended metals (Wijayaratne and Means, 1984; Buffle et al., 1990; 
Richards et al., 2001). Thus, DOC is an important factor in reducing metal toxicity, in 
pollution transport and in biogeochemical cycling. DOC is also known to strongly 
influence the aggregation properties of a wide range of aquatic colloids (Jekel, 1986; 
Kretzschmar et al., 1993; Wilkinson et al., 1997). What is unclear, however, is the effect 
of the DOC source materials on colloid aggregation/dispersion characteristics.
The DOC found in most aquatie systems is generally grouped into two classes or types 
based on genesis. Allochthonous DOC {from elsewhere), the most prevalent and widely 
investigated type, is the hydrologically-transported leachate from decayed vegetation in 
terrestrial catchments (Wetzel, 2001). Autochthonous DOC (from within), a lesser 
component in most systems, is generated within aquatic systems primarily from algal
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decomposition and microbial secretions (Wetzel, 2001; Lampert and Sommer, 1997). The 
nature of the precursor organic materials and their decomposition environments give rise 
to fundamental compositional differences between the two types, and are known to 
significantly influence the optical, physico-chemical and biological responses of aquatie 
systems (Malcolm, 1990; Volk et ah, 1997; Jansson et ah, 1999; McKnight et ah, 2001).
A third type of DOC appears episodically in the salmon spawning streams of western 
North America. Animal-based “anadromous” DOC (upwards run) is the dissolved 
carbon input from the mass decomposition of salmon carcasses within streams following 
spawning events. The potential for anadromous DOC loading can be very high in some 
cases. For example, over a one month period of 2002, an estimated 2.3 million sockeye 
salmon (Oncorhynchus nerka) spawned in a 12 km reach of the Adam’s River in southern 
British Columbia, introducing a conservative five-million kilograms of animal tissue (~4 
kg/m^) for in-stream DOC leaching following die-off.
A generalized model of DOC/colloid interactions has been proposed which addresses the 
qualitative variability of DOC (Buffle et ah, 1998). The “three-colloid” model has 
aggregation regulated by three colloidal components found in most aquatic systems: 
compact inorganic particles, flexible fulvic acids and other refractory organic colloids, 
and large rigid biopolymers. The degree to which aggregation occurs is determined by the 
relative proportions of these components in a given system. The low-molecular weight 
fulvic compounds common in, but not specific to, allochthonous DOC are known to 
stabilize inorganic particles (Jekel, 1986; Kretzschmar et ah, 1993; Filella et ah, 1993).
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The enhanced colloid stability is believed to result from a uniform negative surface 
charge imparted by adsorbed fulvic acids, which generates long-range inter-particle 
electrostatic repulsion (Hunter and Liss, 1982; Loder and Liss, 1985). In contrast, 
polysaccharide-based fibrillar structures longer than 100 nanometers, a variable 
component of autochthonous DOC, can bridge the electrostatic repulsive barrier and 
induce aggregation, even in the presence of stabilizing allochthonous fulvic acids 
(Wilkinson et al., 1997; Buffle et al., 1998 ). These results suggest that the source- 
dependent qualitative differences of DOC may strongly influence the stabilization/de­
stabilization characteristics of colloidal systems.
The quantity of surface-adsorbed organics may also influence the stability of suspended 
colloids. Researchers using model anionic compounds have reported that a sufficiently 
thick organic layer can bridge the repulsive barrier and link particles into settleable 
macrostructures (Lafuma et al., 1991), suggesting that DOC with a high adsorbance 
potential may also enhance colloid aggregation. In a laboratory-based investigation 
contrasting DOC from three sources (animal compost, plant compost and natural 
allochthonous DOC), the amount of DOC found adsorbed to inorganic substrates varied 
significantly as a function of the source material (Zhou and Wong, 2000), further 
suggesting that the genesis of the DOC may influence colloid aggregation.
A portion of the potential variation in DOC-dependent aggregation may be due to inter­
particle bridging by the linking of adsorbed surfactants. Surfactants are a class of surface- 
active molecules possessing both a polar hydrophilic head which associates readily with
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water (often an ionie functional group), and non-polar hydrophobic tails which orient 
themselves outwards at all interfaeial surfaces. The presence of the hydrophobic tails 
interferes with the inter-moleeular attraction between surficial water molecules, reducing 
the surface tension of the solution at all interfaces. Thus, surface tension can be used as a 
surrogate measure of the surfactant activity of a given solution, with depressed surface 
tension correlating to high surfactant content. The orientation of the hydrophobic, 
electrically-neutral surfactant tails towards the hydrophobic colloid surfaces increases the 
probability of surface adsorption by hydrophobic-hydrophobic interaction. The typical 
range of inter-partiele electrostatic repulsion is reported in the order of a hundred 
nanometers (Hunter, 1993), which suggests that colloid-adsorbed surfactants with 
sufficiently long electrically-neutral tails could bridge the repulsive barrier, leaving the 
reactive head group free to interact with other colloids or link with similarly bound DOC 
molecules. Supporting this proposed mechanism are reports that the surface adsorption of 
short polymers (a few nanometers) had a stabilizing effect on colloids, whereas 
adsorption of polymers from 0.1 pm -  1 pm long was found to induce the flocculation of 
stabilized colloids (Buffle et al., 1998). Although surfactants are well known to influence 
the surface interactions (Aksenenko et ah, 1998), a possible correlation between surface 
tension and flocculation potential with any DOC type has not been investigated to date.
Three hypotheses were tested in this investigation. First, that DOC isolated from 
allochthonous, autochthonous and anadromous sources will have significantly different 
yields of GF/C filter-retained aggregates. Second, the percentage of dissolved carbon 
adsorbed to the filter-retained aggregates will be significantly influenced by the source of
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the DOC, and third, that the amounts of filter-retained aggregates and the amount of DOC 
partitioned to them will be correlated to the surface tension of the DOC suspensions. The 
influence of DOC source on the aggregation of kaolin is reported herein.
2.3 Materials and Methods
2.3.1 Experimental design
To determine the effects of DOC genesis on the aggregation process, the laboratory- 
based experimental design operationally fixed pH and temperature, ionic concentration, 
inorganic composition and concentration, system hydrodynamics and dissolved organic 
carbon concentrations. The independent variable in this investigation was DOC type, 
with dependent variables of aggregate yield (the gravimetric aggregate capture 
normalized to volume), percentage carbon partitioned to the aggregates, and surface 
tension, a surrogate for surfactant activity. The design was a replicated single factor 
(DOC type) with three replicates of four treatments: allochthonous, autochthonous, 
anadromous, and DOC-ffee (ultrapure) water as a control. See Figure 1.1 for flow 
diagram depicting experimental design and sample treatments.
2.3.2 Sample collection
The allochthonous DOC component of this study was obtained from Vernon Creek, a 
small kokanee spawning stream in the north-eastern Okanagan Basin of British Columbia 
(50° 0’ 16.38” N; 119° 23’ 13.18” W). Sampling was conducted in mid-July 2002, nine
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months after the fall spawn die-off. The 20 liter acid-washed polyethylene sample 
containers were well flushed with stream water prior to sampling. The allochthonous 
DOC sample was transported to a dark 3°C cooler within 30 minutes of sampling for 
storage.
The autochthonous DOC was produced outdoors in a 1.5 m  ^clear acrylic mesocosm.
One year previously, the mesocosm was filled with carbon-ffee de-ionized water, nutrient 
enriched except for nitrogen and carbon, and inoculated with filter-captured plankton 
from an eutrophic lake. The mesocosm was covered and continuously aerated with air 
free of ammonia to favor the growth of nitrogen-fixing photosynthetic bacteria. 
Planktonic populations reached steady state after 4 months, with the dominant taxon 
being Anabaena sp. (unpublished data). Sub-surface samples of the autochthonous DOC 
were collected in acid-washed, sample-rinsed 20 liter polyethylene carboys, and 
transported to a dark 3°C cooler within 15 minutes of sampling.
The anadromous DOC component of this study was prepared in the laboratory by 
decomposing a 426 gram spawning-stage male kokanee salmon {Oncorhynchus nerka) in 
30 liters of aerated de-ionized water at 21°C. Pilot studies of carcass decomposition 
under these conditions have determined the DOC concentration typically reaches a 
maximum within 21 days (unpublished data). A 5 liter sub-surface sample was collected 
after 21 days and filtered through pre-combusted Whatman GF/C glass-fiber filters 
immediately prior to testing and dilution.
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The dilutant and control solution (20 liters in an acid-washed polyethylene carboy) was 
carbon-free ultra-pure water from a Bamsted E-pure filtration system (resistivity > 17.7 
mQ- cm'^).
2.3.3 Kaolin stock preparation
Kaolin suspension was made from 2.5 g milled kaolin (Fisher Scientific), dispersed in 1 
liter of E-pure water by two hours of sonication. Following overnight settling, the top 500 
ml was decanted and re-sonicated the for use as the working kaolin stock. The 
approximate kaolin concentration of the working stock was determined gravimetrically 
by oven-drying a 20 ml sub-sample at 60°C overnight.
2.3.4 Sample preparation
Immediately prior to standardization, all solutions were filtered through pre-combusted 
Whatman GF/C glass fiber filters (nominal pore size 1.2 pm), and sub-samples tested for 
DOC content with a Shimadzu TOC5000A high temperature oxidation carbon analyzer. 
The autochthonous sample was found to have the lowest DOC concentration of the three 
types, and established the standard carbon concentration for the test (6 mg C/1). 
Appropriate volumes of filtered allochthonous and anadromous DOC were diluted with 
E-pure water to obtain about 15 liters of working solution at the desired DOC 
concentration of 6 mg C/1.
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The specific conductance of the four test solutions was measured with a freshly calibrated 
Orion 150 conductivity meter equipped with an Orion 012210 conductivity cell. The 
anadromous solution had a higher conductivity than the allochthonous or autochthonous 
DOC at the same dilution, predicating the standard conductivity to be used in this 
investigation (-190 pS/cm). Specific conductance of the allochthonous and 
autochthonous DOC was adjusted to the standard conductivity by addition of 5M NaCl. 
All pH measurements were conducted with a freshly calibrated Beckman Double 
Junction pH electrode and a Beckman 320 pH/mV meter. Solutions were adjusted to pH
7.0 (+/- 0.05) with 2M HCl and/or 2M NaOH.
Following amendments, 100 ml of each working solution was sub-sampled to establish 
the pre-flocculation DOC concentration. Immediately prior to sub-dividing the amended 
test solutions into flocculation jars, a measured amount of sonicated kaolin stock was 
added to each to obtain a standard concentration of 10 mg kaolin /I. This concentration 
was chosen to reflect the suspended inorganic loads typical of low-order streams in the 
Okanagan Basin during late summer (e.g. Terrace Creek, 5 mg/1 to 26 mg/1; 2002 report 
to B.C. Ministry of Environment, data not published). The exact kaolin concentration was 
calculated from three oven-dried 40 ml aliquots of the kaolin stock taken at this time.
Each of the 15 liter working solutions were subdivided into three acid-washed, sample- 
rinsed 4.0 liter flint glass jars. The sealed replicates were then randomly positioned on a 
mechanical flocculator, and operationally flocculated for seven days under controlled 
lighting at room temperature. Initial, amended and post-flocculation solution parameters 
are recorded in Appendix (Table 5.2).
32
2.3.5 Mechanical flocculator
Flocculation was induced by use of a roller-type mixing bed similar in design to Lick et 
al. (1993). The apparatus consisted of two horizontal, parallel 100 mm diameter PVC 
tubes 6 meters in length positioned 100 mm apart on a fixed roller bed, with the 
flocculation jars lying horizontally between them along the top. The tubes were 
synchronously rotated by a motor-driven reduction system such that the test jars rolled 
smoothly and continuously atop them at 15 RPM (see Appendix Figure 5.1). Pilot studies 
showed that uniform body-rotation of the sample occurs within three minutes of 
initiation. Metal ground straps were in continuous contact with each of the flocculation 
vessels to eliminate potential problems associated with a build up of statie electricity.
2.3.6 Daily protocols
Subsamples (16.7 ml) were removed daily from each test jar as part of another study 
(results not reported). Temperature and qualitative observational records of floe 
formation were recorded daily.
2.3.7 Aggregate yield
After seven days flocculating, each sample was filtered at low vacuum through pre- 
combusted, pre-weighed Whatman GF/C filters (~ 1 ml/see). The filters were folded 
double, dried at 60°C for 24 hours, then weighed on an AND HA-120M analytic balance
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(resolution 0.1 mg). Aggregate yield was determined by difference, and normalized per 
unit volume (mg/1). The possibility of filter loss due to entrainment of glass fibers during 
the filtering process was investigated. Five pre-combusted, pre-weighed GF/C filters had
4.0 liters of E-pure water (pH 7.0, standard conductivity 190 pS/cm) passed through at ~
1 ml/sec. Filters were then dried at 60°C to constant weight (24 hours), and re-weighed. 
The mean change of filter weights was not significantly different than zero (p>0.05), 
indicating no entrainment loss. The final gravimetric yields were normalized to volume 
(mg floc/1) prior to statistical analysis.
2.3.8 Carbon analysis
Dissolved organic carbon was measured with a Shimadzu TOC 5000A earbon analyzer as 
non-purgable organie carbon (NPOC) based on KHP-generated ealibration eurves. 
Outputs were eorrected for traee baekground carbon in the ultrapure water employed in 
the ealibration standards. To remove inorganie carbon fractions, the GF/C filtered 
samples were aeidified to pH 2 with eertified 2.0 N HCl (Fisher Scientifie), and sparged 
for seven minutes with UHP-grade O2 . Samples were randomized with calibration 
standards on the auto sampler. The DOC eoneentrations were averaged from the first 
three replicate injections to have a coefficient of variation of <1.0 %. The percent of the 
initial DOC partitioned to the filter-retained aggregates was determined by difference 
from pre and post-flocculation filtrate DOC concentrations.
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2.3.9 Surface tension analysis
Subsamples of each standardized DOC solution (1 L), drawn immediately prior to the 
addition of kaolin, were air-couriered on ice for surface tension analysis at Université du 
Québec (INRS-Eau). Analysis was conducted by the du Nouy ring method on a KVS 
Sigma 70 tensiometer with a resolution of 0.01 mN/m. The sample of amended E-pure 
water was inadvertently lost prior to analysis, consequently results for only the DOC- 
based surface tensions were reported.
2.3.10 Data analysis
2.3.10.1 Aggregate yield
Statistical screening of the aggregate yield data indicated normal distribution, 
homogeneous variance across groups, and no outlier values within the data set (p<0.001). 
The untransformed data was evaluated by Univariate ANOVA with SPSS v 11.5. 
Differences in aggregate yield between DOC types (and E-pure) were assessed post-hoe 
with Tukey’s EISD test at alpha 0.05.
2.3.10.2 Carbon partitioning
Carbon partitioning was determined from the difference between initial and post- 
floceulation DOC concentrations. The DOC concentrations of the initial E-pure controls
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were below instrumental detection limits, so carbon-loss analysis was conducted only on 
the replicates of the three carbon-based suspensions. Statistical screening of the carbon 
partitioning data indicated normal distribution, homogenous variance across groups, and 
no outlier values within the data set (p<0.001). The untransformed data was evaluated by 
Univariate ANOVA with SPSS v 11.5. Differences in carbon partitioning between DOC 
types were assessed post-hoc with Tukey’s HSD test at alpha 0.05.
2.4 Results
2.4.1 Aggregate yield
Significant differences were found between the aggregate yields of each of the test 
solutions (p<0.01) except between the autochthonous and anadromous suspensions 
(p>0.05). Mean yields were anadromous (12.0 mg/1) and autochthonous (11.6 mg/1) both 
significantly greater than allochthonous (8.9 mg/1) and E-pure (7.2 mg/1) (Table 2.1). 
Aggregate yield was significantly correlated the initial DOC adsorbed to the GF/C- 
retained aggregates (Pearson’s r =0.802, p<0.01, n=9).
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Allochthonous Autochthonous Anadromous E-pure
Aggregate yield (mg/1) 8.9 (0.09) b 11.6 (0.15) a 12.0 (0.32) a 7.2 (0.12) c
DOC partitioned (%) 3.1 (1.57) c 21.2 (0.43) b 61.0 (1.61) a n/a
Surface tension (mN/m) 71.64 (.014) a 71.24 (.023) b 71.14 (.003) c n/a
Table 2.1 Table of mean values of dependent variables and standard error (parentheses). 
Within rows, the means followed by different letters (bold) are significantly different 
(p<0.05).
2.4.2 Carbon partitioning
The percentage of the initial DOC partitioned to the filter-retained aggregates was 
significantly different between each of the DOC types (p<0.01), with mean values of 
anadromous DOC (61%) three-fold that of autochthonous DOC (21%), and twenty-fold 
that of allochthonous DOC (3%) (Table 2.1). The amount of dissolved carbon partitioned 
to the filter-retained fraction was significantly correlated to surface tension (Pearson’s r=- 
0.852, p<0.01, n=9).
2.4.3 Surface tension
The mean surface tensions of the DOC suspensions differed significantly (p<0.05), with 
allochthonous surface tension (71.64 mN/m) greater than both anadromous (71.14 mN/m) 
and autochthonous (71.24 mN/m) (Table 2.1). Linear regression analysis determined a 
strong relationship between the surface tension and the mean aggregate yields (r^=0.995, 
p<0.05), with aggregate yield inversely dependent on surface tension (Figure 2.1).
37
15
2  13
■o 
o>
I.
2
O)
 ^11
I 
■ |  10?iL
© 9
Anadromous Autochthonous Allochthonous
y = -6.3571X + 464.35 
= 0.9949
T T T T8
71.10 71.20 71.30 71.40 71.50
surface tension (mN/m)
71.60 71.70
Figure 2.1 Yield of fiiter-retained aggregates after 7 days fioccuiating as a function of 
the initiai surface tension of the DOC types (top). (95% confidence intervais, n=3)
w
00
2.5 Discussion
The results indicate that aggregate yields are significantly influenced by DOC type. In 
terms of the “three-colloid” aggregation model, the concentration and composition of the 
inorganic colloids in this experiment were fixed, so variation in aggregate yield is likely 
controlled by the relative amount and quality of long-chain carbon structures specific to 
the DOC type. In this case, the similar hut significantly higher aggregate yields of the 
anadromous and autochthonous suspensions, when compared to the allochthonous and 
control solutions, suggests that the DOC from both these sources contain or can form 
fibrillar bridging compounds.
The observed de-stabilizing effect of the autochthonous DOC, when compared to the 
allochthonous DOC, is consistent with results reported by Wilkinson et al. (1997). 
However, the significantly higher aggregate yield of the allochthonous suspension, when 
compared to the carbon-free controls (indicating de-stabilization), is contrary to the 
results reported in the Wilkinson study. The difference in observations between the two 
studies is likely due to the quality and specificity of the allochthonous DOC used. For 
example, Wilkinson et al. (1997) used a purified fulvic acid fraction isolated from 
terrestrial sources as an allochthonous DOC representative, whereas my investigation 
used chemically un-fractionated stream water. Because most natural streams are know to 
have a variable autochthonous content from in-system production (Vannote et al., 1980), 
the de-stabilization found in this study may be due to the de-stabilizing activity of a small 
autochthonous component in the whole water stream sample (i.e. catchment wetlands or
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up-stream impoundments). Conversely, this result raises the question of whether possible 
de-stabilizing components of natural allochthonous DOC may be lost during 
standardization/fractionation processes used by many researchers, isolating only the 
stabilizing components.
The applicability of these results to natural systems is somewhat limited due to the 
specific nature of the dissolved carbon tested and to the operational test conditions used 
in this investigation. There are, however, two general inferences of potential ecosystem 
impact resulting from increased sedimentation of aggregate material due to the 
introduction of anadromous DOC.
First, increases in colloid aggregation from the introduction of anadromous DOC to a 
stabilized allochthonous-dominated stream could strongly impact benthic communities 
through metal loading. It is well known that colloids are the major vector for metals in 
the environment. For example, up to 99% of some “dissolved” metals can be adsorbed or 
complexed by suspended particles between 0.01 and 1.0 pm in diameter in riverine 
systems (Hart et al., 1992). Because the sedimentation of these colloids is considered by 
many to be the primary mechanism of removal of metals from aquatic environments (Li 
et al., 1984; Honeyman and Santsehi, 1989; Wells et al., 1998), it is reasonable that an 
increase in aggregation directly corresponds to increased metal loading to sediments. 
While this process reduces the amount of metal and organic pollutants available to 
pelagic organisms, it potentially increases the availability of toxic metals for uptake by 
benthie organisms (Guo et al., 2001).
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Second, the strong relationship between the aggregate yields and the amounts of 
aggregate-associated carbon suggests that carbon loading to the sediments from increased 
aggregation may also impact benthic communities. Assimilation of sedimented carbon by 
heterotrophie microbes and benthie micro-organisms is known to reduce the available 
dissolved oxygen, often leading to anoxic conditions at the sediment-water interface of 
some systems. The changes in redox potentials at the sediment surface, resulting from 
oxygen depletion, are known to re-mobilize many metals back into the water column as 
labile species (Mortimer, 1971; Kalff, 2003). Thus, the negligible loss of carbon from the 
allochthonous suspensions, coupled with the low aggregation potential, suggests these 
effects and the impact of DOC-bound toxins in spawning streams should be minimal in 
the absence of anadromous DOC. Conversely, the strongly de-stabilizing and high 
adsorption properties of anadromous DOC indicates an increased potential for benthie 
contamination following die-off in natural systems.
The strong correlation between surfactant activity and the amount of dissolved carbon 
associated with the aggregates is consistent with the hypothesis of partitioning of 
surface-active molecules by hydrophobic-hydrophobic interactions. The relationship 
between carbon partitioning and the aggregate yield, though linked, suggests that 
adsorption of surface-active carbon may promote aggregation, with bridging as the likely 
mechanism. The strong relationship between surface-tension and aggregate yield further 
suggests that the influence of DOC on the formation of aggregates may be regulated by 
source-dependent variability in surfactant content. Establishing whether the relationship
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is in fact causal, or if surface tension is a covariate of a different de-stabilizing factor will 
require further investigations. Clearly, these results suggest the potential of surface 
tension depression as an easily measured predictor of colloid de-stabilization in future 
aggregation models.
2.6 Conclusions
The first hypothesis, that DOC genesis can significantly influence the yield of filter- 
retained aggregates, was generally supported in this experiment. The similarly high yields 
of the autochthonous and anadromous suspensions are consistent with a common ability 
to form bridging structures that is reduced or absent in the allochthonous suspensions.
The higher aggregate yield of the allochthonous DOC than that of the ultrapure controls 
contradicts reports of colloid stabilization by allochthonous DOC, but the results may be 
due to a small autochthonous component in the natural stream water used in this 
investigation. The much higher aggregate yield and increased carbon-partitioning of 
anadromous DOC, when compared to allochthonous DOC, suggests an increased 
potential for the loading of carbon and colloid-associated trace metals and pollutants into 
the sediments of spawning streams following die-off.
The second hypothesis, that DOC genesis would significantly influence the percentage of 
dissolved organic carbon partitioned to the filter-retained aggregates, was also supported. 
The amount of DOC partitioned to the GF/C-retained aggregates was strongly correlated
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to the aggregate yields of the DOC types, suggesting that the degree of DOC surface- 
adsorption may be instrumental in the de-stabilization of suspended colloids.
The differences in the surface tensions of the DOC solutions, at standardized 
concentrations, indicate genesis-dependent variability in the surfactant content of the 
suspensions. The strong negative correlation between the surface tensions and the 
aggregate yields of the test suspensions supports the hypothesis that that the surface- 
active components of dissolved organic carbon are involved in the aggregation of kaolin 
particles.
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Chapter 3
Influence of Dissolved Organic Carbon and Bacterial Activity 
on Aggregation and Aggregate Characteristics
3.1 Abstract
The aggregation charaeteristics of anadromous DOC (salmon-based) and allochthonous 
DOC (soil-based) were explored. The laboratory investigation measured production of 
auto-aggregates (organic-organic complexes) and hetero-aggregates (organie-kaolin 
complexes), amounts of the initial DOC partitioned to the aggregates, physical floe 
characteristics, and the influence of bacterial activity on the process. DOC and kaolin 
concentrations were standardized to 10 mg/1 and 20 mg/1, respectively. Aggregation was 
induced by differential settling over seven days under standardized conditions. The 
parameters investigated were aggregate yield (GF/C filter-retained aggregate mass per 
volume), percentage of DOC partitioned, maximal fioc size, and median floe density.
The aggregate yield from anadromous DOC was significantly greater than the yield from 
allochthonous DOC for both the auto-aggregates and hetero-aggregates. Sterilization with 
sodium azide significantly reduced the aggregate yield across treatments, indicating 
bacterial activity was promoting colloid de-stabilization. Similarly, the DOC source 
strongly influenced partitioning of carbon from the dissolved phase to the filter-retained
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aggregates. Floe formation depleted the anadromous DOC pool by ~60% and the 
alloehthonous pool by -1%, for both auto and hetero-aggregates. Carbon partitioning was 
not influeneed by sterilization except for the anadromous hetero-aggregates.
The anadromous DOC developed significantly larger hetero-aggregates than the 
allochthonous DOC. Sterilization reduced the maximal size of both DOC types, 
indicating bacterial activity may be increasing the integrity of the aggregates. There was 
no difference in maximal size between the auto-aggregates of the DOC types with or 
without sterilization. The allochthonous DOC yielded a higher median fioc density (mass 
per volume) than the anadromous DOC. In general, densities were highest for un­
sterilized auto-aggregates and lowest for un-sterilized hetero-aggregates, and were 
inversely correlated to the maximal floe size.
Taken together, these observations are consistent with the hypotheses that the source 
organics of DOC can significantly influence both auto-aggregation and hetero­
aggregation properties, and the characteristics of the resulting floes. Furthermore, that 
bacterial activity can significantly increase aggregate yields and maximal fioc size, 
particularly in the presence of kaolin.
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3.2 Introduction
Sub-micron sized organic and inorganic particles (colloids), are ubiquitous to most 
natural systems. They are important to aquatic environments because physico-chemical 
characteristics of exchange capacity, hydrophobicity and high free surface energy induce 
the surface adsorption of trace metals and hydrophobic organic pollutants (Stumm and 
Morgan, 1981). The aggregation and sedimentation of colloids is proposed to be a 
principal mechanism of removal of toxic metals from aquatic systems (Li et al., 1984; 
Honeyman and Santsehi, 1989; Wells et al., 1998), indicating their importance in trace 
metal transport and biogeochemical cycling.
The factors controlling whether colloids remain dispersed in solution or aggregate into 
settleable floes have been the subject of research for many years. The rates of aggregation 
and the settling characteristics of the resulting floes depend on the particle parameters of 
colloid composition and concentration, surface charge, and surface coatings, and on 
solution parameters of pH, temperature, ionic concentration and system hydrodynamics 
(Hill et al., 1992; Hunter, 1993; Kretzschmar et al., 1997; Milligan and Hill, 1998;
Schmitt et al., 2002). Another factor which is known to influence colloidal aggregation 
and dispersion is dissolved organic carbon (DOC), but its influence is poorly defined due 
to compositional variability in the bulk carbon pool.
DOC is derived from the microbial decomposition and transformation of organic matter, 
and is traditionally defined as the fraction of a representative water sample capable of
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passing through a GF/C glass-fiber filter. Because many of the physico-chemical and 
biological properties of DOC are known to vary systematically as a function of the 
precursor organic materials (Baron et al., 1991; McKnight et al., 1994; Jansson et al., 
1999; McKnight et. al. 2001), DOC is traditionally grouped into two general classes 
based on the precursor organie material. Allochthonous DOC is the hydrologically 
transported leachate from organic matter in terrestrial catchments, dominating the carbon 
pool of most sub-alpine streams (Baron et al., 1991). Autochthonous DOC is derived 
fi-om within aquatic systems primarily from bacterial exudates and the leaching of dead 
algae (Lampert and Sommer, 1997). Although components of autochthonous DOC can 
seasonally attain 10- 30% of the total carbon pool in some productive lake systems 
(Buffle et al., 1998), it is expected to be a minor component of first-order freshwater 
streams (Vannote et al., 1980; Wetzel, 2001). Detailed discussions of the fundamental 
differences in the structural, spectral and physico-chemical characteristics of the two 
DOC types has been given by Malcolm (1990) and McKnight et al. (2001).
A third DOC type, termed anadromous, appears episodically within some aquatic 
systems. Anadromous DOC results from the in-stream decomposition of salmon 
carcasses following spawning events. The potential for anadromous DOC loading can be 
extreme in some systems. For example, over a one month period of 2002, an estimated 
2.3 million Soekeye salmon {Oncorhynchus nerka) spawned in a 12 km reach of the 
Adam’s River in southern British Columbia, introducing a conservative five-million 
kilograms of decomposing animal tissue as a DOC source following die-off (~4 kg/m^).
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Anadromous inputs are very bio-labile, affecting both microbial dynamics and associated 
bio-films (Fisher Wold and Hershey, 1999), and possibly control the primary productivity 
in some spawning systems (Johnson et al., 1998; 2004). Pilot studies indicate that 
anadromous DOC extensively adsorbs to inorganic substrates, and has strong de­
stabilizing properties when compared to allochthonous DOC (data not published). A 
recent empirical study into spawning-stream particle dynamics reported changes in 
aggregate density coinciding with spawning die-off (Petticrew and Arocena, 2003). 
Although this indicates that anadromous DOC may be influencing fioc characteristics, no 
investigations of the effects of anadromous inputs on colloid aggregation, fioc/bacterial 
associations or other fioc characteristics have been reported.
DOC can increase or decrease the stability of inorganic colloids, depending on source- 
dependent compositional differences. For example, suspended particles can be stabilized 
by allochthonous DOC, or isolated components of the allochthonous pool, under 
numerous conditions (Jekel, 1986; Kretzschmar et al., 1993; Filella et al., 1993). The 
stabilization is believed to result from the surface adsorption of refractory components of 
the allochthonous pool (mainly terrestrial fulvic acids) which inhibit inter-particle 
collision by surface-charge modification (Hunter and Liss, 1982; Loder and Liss, 1985), 
or by steric repulsion (Tipping and Higgins, 1982). Conversely, fractions specific to the 
autochthonous DOC pool are known to de-stabilize inorganic suspensions and induce 
aggregation, even in the presence of allochthonous DOC (Wilkinson et al., 1997). Buffle 
et al. (1998) speculated that acidic-poly saccharides specific to autochthonous DOC are 
capable of forming rigid helical structures sufficiently long (> 1 0 0  nm) to bridge the
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inter-particle barrier of electrostatic or steric repulsion. Although aggregate yields were 
not reported in these studies, observations on the de-stabilization of inorganic colloids 
(hetero-aggregation) and changes in aggregate characteristics suggest that aggregation 
and sedimentation potentials depend on the precursor organics of the DOC.
DOC may also influence aggregation indirectly through its relationship to heterotrophie 
bacteria. In some systems, bacteria are known to colonize aggregates to exploit a readily 
available source of carbon (Tranvic and Seiburth, 1989; Tietjen et al., 2005). Exudates 
from attached heterotrophie bacteria can influence the rates of floe formation and the size 
of freshwater and marine floes (Paerl, 1975). The presence of attached bacteria can also 
influence aggregate settling characteristics, creating neutrally-buoyant floes in some 
cases (Grossart and Simon, 1993). Due to the variability in DOC bio-lability, it is 
suggested that the microbial activity in some un-sterilized samples can lead to the 
production of new macro-molecular bridging material, and may result in aggregates 
containing both colloids and micro-organisms (Buffle and Leopard, 1995).
Although the aggregate yields are an adequate measure of the aggregation/dispersion 
influence of different DOC types under operationalized conditions, DOC-dependent 
differences in physical floe properties such as size, settling velocity and structural 
resilience must be inferred from images of the floe populations. The maximal or 
equilibrium floe size is a relative measure of floe strength or the resilience of floes that 
form in the presence of constant fluid shear. Under these hydrodynamic conditions floes 
will build by accretion of many small aggregates into progressively larger entities, 
increasing surface area until the fluid shear is sufficient to overcome structural integrity.
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At this point, the floe fragments and begins re-aecumulating towards the critieal break-up 
size (Tsai et ah, 1987; Spicer et ah, 1996). Aggregates with stronger or more extensive 
inter-particle linking are able to grow to a larger size before breaking. The maximal floe 
size is based on the equilibrium particle-size distribution. In this investigation, the 
maximal floe size is defined as D25, the particle diameter below which 75% of the 
cumulative particle volume of the floe population is found (Milligan and Hill, 1998, and 
references therein).
In this investigation, four general hypotheses were tested. First, that DOC precursors will 
significantly influence the amount of auto-aggregates (organic-organic complexes) and 
the amount of kaolin hetero-aggregates (organie-inorganic complexes) retained on GF/C 
filters. Second, that DOC precursors will significantly influence the percentage of initial 
DOC partitioned to the filter-retained auto-aggregates and hetero-aggregates. Thirdly, 
that DOC precursors will significantly influence the physical characteristics of the auto­
aggregated and hetero-aggregated floes, and finally, that bacterial activity will be a 
significant factor in both floe formation and floe characteristics.
3.3 Materials and Methods
3.3.1 Experimental design
The potential aggregation response of anadromous DOC loading to allochthonous- 
dominated spawning systems was evaluated in a laboratory experiment. The operational
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design standardized pH and temperature, ionic concentration, inorganic composition and 
concentration, system hydrodynamics and dissolved organic carbon concentrations. The 
independent variables in this investigation were DOC type (allocbtbonous and 
anadromous, relative to carbon-free ultrapure water controls), the presence/absence of 
kaolin, and the presence/absence of bacterial activity. The quantitative, dependent 
variables were aggregate yield (GF/C-retained aggregates per volume), the percentage of 
DOC partitioned to the aggregates, and physical cbaracteristics of floes (maximal floe 
size, median floe size, settling velocity and density). Qualitative assessments of 
floc/bacterial associations were conducted with a scanning electron microscope (SEM).
3.3.2 Sample collection
The allocbtbonous DOC component of this study was obtained June 2003 from an un­
named first order stream on the Aberdeen Plateau of the north-eastern Okanagan Basin in 
British Columbia (50° 3’ 10.94” N; 119° 14’ 53.18” W). Polyethylene sample containers 
(20 L) were acid-wasbed and flushed with stream water prior to sampling. The samples 
were transported to a dark 3°C cooler for storage within 30 minutes of sampling.
The anadromous DOC component of this study was prepared in the laboratory by 
decomposing a spawning-stage male Kokanee salmon {Oncorhynchus nerka, 665g) in 44 
liters of aerated de-ionized water at room temperature. Pilot studies on carcass 
decomposition have determined that in these conditions, the DOC concentration is at 
maximum within 21 days (unpublished data). A 2 liter sub-surface sample of 21 day old
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solution was collected and filtered through pre-combusted Whatman GF/C glass-fiber 
filters immediately prior to DOC testing and dilution.
The dilutant and control solution was GF/C-filtered ultrapure water (carbon-free) from a 
US Filter® UV-oxidized ultrapure filtration system (resistivity > 18.2 mO cm ').
3.3.3 Kaolin stock preparation
The kaolin additive was prepared in advance by suspending 10.0 grams of milled kaolin 
(Fisher Scientific) in 1.0 liters of ultrapure water adjusted to pH 9 with 2N NaOH, 
followed by 120 minutes sonieation (Misonix XL). After 30 minutes of settling, the top 
750 ml was decanted. This fraction was re-sonicated and allowed to settle undisturbed at 
21°C for 24 hours. The upper 500 ml was decanted as the working kaolin stock and 
adjusted to pH 7 with 2 N HCl. The particle size distribution of the dispersed kaolin stock 
was evaluated by Coulter-counter analysis (Appendix Figure 5.5). The kaolin was re­
dispersed by 30 minutes of sonieation immediately prior to use in the experiment.
3.3.4 Sample preparation
The representative DOC samples and control solutions were filtered through pre­
combusted Whatman GF/C glass fiber filters (nominal pore size 1.2 pm) immediately 
prior to preparation. Sub-samples were tested for DOC content with a Shimadzu 
TOC5000A high temperature oxidation carbon analyzer. The allochthonous and
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anadromous samples were diluted with appropriate volumes of ultrapure water to obtain 
30 liters of each at a working DOC concentration of ~ 10.0 mg C/1. The final DOC 
concentration reflects the ambient DOC concentration in the spawning reaches of the 
higher order creek downstream from the sample site during late summer (data not 
shown).
The 30 liter bulk solutions of the two DOC types and a DOC-free control solution of 
ultrapure water were adjusted to pH 7.50 +/- 0.05 with 2 N NaOH or 2 N HCl. Each of 
the three solutions was then split into two 15 liter sub-samples (see Figure 1.2).
One 15 liter sub-sample of each solution was treated with 30 ml of 1 M sodium azide 
(NaNs) to a standard concentration of 2.0 mM. Reports of effective solution sterilization 
at this concentration (Zhou and Wong, 2000) were confirmed during preliminary 
investigations. The specific conductance of the three azide-treated test solutions was 
measured with a freshly calibrated Orion 150 conductivity meter equipped with an Orion 
012210 conductivity cell. The azide-treated anadromous DOC was found to have the 
highest specific conductivity (-270 pS/cm), predicating the minimum standard 
conductivity to be used in this investigation. The remaining five 15 liter solutions were 
all adjusted to this same conductivity (270 pS/cm) by the addition of 5 M NaCl, and all 
were re-tested for pH. A 100 ml sub-sample of each 15 liter azide-treated and reference 
solution was taken for the pre-flocculation dissolved organic carbon analysis. Three 2- 
liter flocculation jars (base/acid washed, sample rinsed) were filled from each of the six
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amended solutions. 50 ml was removed from each jar before sealing, ereating a 
standardized turbulence bubble.
7.45 liter volumes were drawn from the remainders of each of the six reference and 
azide-treated solutions. 50.0 ml aliquots of freshly sonicated kaolin stock were mixed into 
to each for a standard kaolin concentration of 20 mg/L. This concentration is near the 
upper range of late-summer solute loads found in representative low-order streams in the 
Okanagan Basin (e.g. Terrace Creek, 5 mg/1 to 26 mg/1 ; 2000 report to B.C. Ministry of 
the Environment; data not published). A 100 ml sub-sample was taken from each kaolin 
and kaolin-azide treated bulk solution for pre-flocculation dissolved organic carbon 
analysis. A 50.0 ml sample of the sonicated kaolin stock was taken at the time of addition 
and dried to constant weight (70°C for 48 hours) to confirm the standard kaolin 
concentrations of the kaolin and kaolin-azide solutions. Three 2-liter flocculation jars 
(base/acid washed, sample rinsed) were filled from each of the six kaolin-treated 
solutions. 50 ml was removed from each jar before sealing, creating a standardized 
turbulence bubble.
The 36 flocculation jars were randomly positioned on the mechanical fiocculator and 
mixed over seven days by rotating at 15 RPM under controlled lighting at room 
temperature. Temperature and qualitative observational records of fioc formation were 
recorded daily.
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3.3.5 Mechanical flocculator
Flocculation was induced by use of a roller-type mixing bed similar to Lick et al (1993). 
The apparatus consisted of two horizontal, parallel 100 mm diameter PVC tubes six 
meters in length positioned 1 0 0  mm apart on a fixed roller bed, with the flocculation jars 
lying horizontally between them along the top. The tubes were synchronously rotated by 
a motor-driven reduction system such that the test jars rolled smoothly and continuously 
atop them at 15 RPM (see Appendix). Pilot testing of the flocculator determined that 
uniform body-rotation of the sample occurred within two minutes of initiation. Metal 
ground straps were in continuous contact with each of the flocculation vessels to 
eliminate potential problems associated with a build up of static electricity.
3.3.6 Post-flocculation imaging
Digital images for particle size distribution and floe morphological characteristics were 
taken with a Rotega digital camera and analyzed with Northern Eclipse image analysis 
software. Image distortion problems due to lensing by the curved surface of the test jars 
was eliminated by photographing the jars at right angles inside a rectangular acrylic 
photography tank filled with ultrapure water. All photography was conducted in a 
darkened room with discrete sample-illumination. A high-intensity light source was 
columnated through a double-slit box external to the tank, illuminating only a uniform 
vertical cross-section 1.5 cm thick (the approximate depth of clear focus) through the 
tank and jar at a 90° angle to the camera. The tank and camera were maintained in fixed
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positions throughout the experiment, with the camera focused in the center of this light 
plane. A metric grid, suspended in a matched test jar of ultrapure water and placed in the 
tank such that the grid was positioned in the geometric center of the light plane, was 
photographed for image calibration. The minimum partiele-size resolution was 
determined to be 47 pm. The area of the images was determined to be 47 mm x 56 mm, 
representing a sample volume of 39 cc, or 2% of the total sample volume per image.
3.3.6.1 Particle size distribution (PSD)
Jars were positioned in the photography tank while the contents were freely circulating, 
and five images were taken at four second intervals. Jars were twice removed from the 
tank and gently rotated obliquely to ensure homogeneous particle distribution in the 
circulating suspension and immediately returned to the tank for five more photographs at 
the same time intervals (i.e. 15 images total per jar).
Particle size distribution was evaluated from 540 photographs, containing -136,000 
aggregates, with Northern Eclipse digital image software. Analysis of the log- 
transformed particle size spectra indicated the distributions were not log-normally 
distributed, except for the untreated and the kaolin-treated anadromous groups. This 
excluded the use of the mean and variance to define the central tendency of the 
distributions. The particle-size data from replicates of each test solution was grouped by 
equivalent spherical volumes into 1 2  bins based on a sequential doubling of the bin mid­
range. D25, the maximal or equilibrium floe size defined as the particle size below which
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75% of the cumulative particle volume is found, was calculated from the mean bin and 
cumulative volumes for each size class. The results of replicates combined to establish 
mean D25 values and standard deviations within each treatment group for analysis of 
variance. As an alternate distribution statistic, the median particle-sizes of each 
distribution was also evaluated.
3.3.6.2 Particle settling velocities (PSV)
Following PSD imaging, a depth-integrated 20 ml sub-sample of each circulating 
suspension was extracted with a modified 1 cm diameter glass tube for measuring the 
aggregate settling velocities.
Like the PSD protocols, the PSV imaging was conducted in a darkened room using the 
rectangular photography tank and a columnated light source. Settling velocities were 
measured by introducing the samples into the top of a clear acrylic 2 -liter settling column 
(300 mm x 100 mm diameter) immersed in the ultrapure-filled imaging tank. A bulk 
supply of settling medium was made from ultrapure water adjusted to pH 7.5 (2N NaOH) 
and conductivity 270 pS/cm (5 M NaCl). The samples were stored overnight with the 
bulk settling medium in the imaging room to ensure equal temperature and fluid density. 
The column was filled between samples and allowed to stabilize for five minutes prior to 
sample introduction and photographing. The camera field of view was centered midway 
from the column top. A metric was suspended in the light-path through the column and 
photographed for size and distance calibration.
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Each sample was gently inverted and a depth-integrated sub-sample was extracted in a 
modified 1 em diameter glass tube. The sub-samples were retained in the tube by sealing 
the top orifice while the tube was submerged. The bottom tip of the extracted tube was 
carefully brought into eontact with the surface of the settling medium, allowing the 
suspended particles to settle out of the tube into the settling column with a minimum of 
agitation. Images were taken every two seconds as the settling particles passed through 
the camera field of view. After 15 minutes, a second integrated sub-sample of each 
suspension was introdueed to the settling column and again photographed at two second 
intervals. This process was repeated for eaeh sample. Combined replieates yielded an 
average of 67 (± 26) individual aggregates for eaeh sample type. Size and shape faetors 
were digitally analyzed, with the settling velocities assessed by the distance traveled 
between the timed photographs. The density of the aggregates was caleulated from 
Stoke’s Law. Shape correction factors for particles with Reynolds numbers in the 
Stokes’ regime (Re < 0.02) and for particles with Reynolds numbers in the transition 
range to Newton’s regime (0.02 < Re < 1000) were ineorporated as in Namer and 
Ganezarczyk (1993).
3.3.7 Bacterial enumeration
The bacterial response to sodium azide was determined by fluorescent microscopy in a 
preliminary investigation. Briefly, 1 liter of ultrapure water was adjusted to 10 mg C/1 
with anadromous DOC. Both solutions were pre-sterilized through 0.2 pm nucleopore 
filters. This suspension was inoculated with a 1:50,000 dilution of un-sterilized
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anadromous DOC. The inoculated solution was split in half, with one aliquot brought to 
277 pS/cm with 2 mM NaNs (Zhou and Wong, 2000), and the other to 278 pS/em with 
5M NaCl as a control. The aliquots were each split into 3 replicates and each replicate 
had 5.0 ml sub-sampled for initial bacterial numbers. All sub-samples were treated with 
0.1 ml of pH 7 buffered 50% gluteraldehyde (v/v) to a final concentration of 1 % GTA 
(v/v). Bacterial enumerations were conducted with a Nikon Eclipse E-800 Epifluorescent 
microscope equipped with a Nikon DMX 1200 digital camera following standard 
Acridine Orange methods (Hobbie et al., 1977; Cleseeri et al., 1989). No significant 
difference in bacterial populations was found between either group of initial replicates 
(p>0.05). Following seven days at room temperature, 5.0 ml of eaeh replicate was sub­
sampled for final bacteria enumeration. The bacterial populations of the NaCl-treated 
replicates increased significantly (~100x) over the seven day period (p<0.05), indicating 
bacterial metabolism at the standardized ionic concentration. Conversely, the population 
of the azide-treated replicates was unchanged (p>0.05), indicating 2 mM sodium azide 
was effective in suppressing bacterial metabolism.
3.3.8 Scanning electron microscope (SEM) analysis
At the end of the experiment, depth-integrated 5 ml sub-samples were treated with 0.1 ml 
of pH 7 buffered 50% gluteraldehyde (v/v) to a final concentration of 1 % GTA (v/v) for 
qualitative SEM analysis of floc/bacterial associations. Fixed samples were stored in the 
dark at 3°C for future imaging with a Phillips XLS 30 scanning electron microscope. 
Standard methodologies were developed for the de-hydration and critical-point extraction
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of the SEM samples from methods used by Paerl et al. (1973), and for pre-analysis 
sample mounting and gold-coating. Detailed procedures are recorded in Appendix 1.
3.3.9 Aggregate yield analysis
Immediately following sub-sampling for bacterial, SEM and post-floeculation dissolved 
carbon analysis, each test jar was filtered at low vacuum through pre-combusted, pre- 
weigbed Whatman GF/C glass fiber filters (~1 ml/sec). Filters were folded double, dried 
at 60°C for 24 hours, and re-weighed on a Metier Toledo AG 204 analytic balance 
(resolution 100 pg). Gravimetric yields were normalized to filtrate volume (mg floe/1) 
prior to statistical analysis.
3.3.10 Carbon analysis
Dissolved organic carbon was measured with a calibrated Sbimadzu TOC 5000A carbon 
analyzer by difference of total dissolved carbon (TDC) minus dissolved inorganic carbon 
(DIG). This method was chosen over the standard non-purgable organic carbon method 
when preliminary tests found excessive foaming of the anadromous samples during the 
preparatory UHP O2 sparge used in that method. The TDC and DIG scores were 
generated from multiple replicate injections, averaged from the first 3 injections to have a 
coefficient of variation of <0.5 %, and corrected for background carbon in the ultrapure 
water employed in the calibration standards. Carbon-depletion was determined by 
difference of initial and post-fioceulation DOC concentrations.
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3.3.11 Data analysis
All data was statistically screened prior to analysis by Univariate ANOVA. No univariate 
outliers were identified. Data failing Levene’s test for homogeneity of variance was 
evaluated at a conservative significance level of 0.01 (Tabachnick and Fidell, 2001). All 
post-hoc and pair-wise comparisons were Bonferroni-corrected, or evaluated at alpha 
0 .01.
3.4 Results
3.4.1 Aggregate yield (GF/C-retained aggregate mass per volume)
3.4.1.1 Auto-aggregates (no kaolin)
The auto-aggregate yields of the sterilized and unsterilized ultrapure blanks were not 
statistically different from zero (p<0.01). Significant differences in mean yields were 
found between DOC types within treatments (p<0.01), with the anadromous DOC yield 
over five times greater than allochthonous DOC for the unsterilized samples (2.3 mg/1 vs 
0.4 mg/1). The auto-aggregate yield of the anadromous DOC was twenty times greater 
than allochthonous DOC when the solutions were sterilized (2.0 mg/1 vs 0.1 mg/1) (Figure 
3.1a). No significant reduction in aggregate yield was found from the sterilization 
treatment across the auto-aggregated DOC types (p>0.01).
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Anadromous Allochthonous
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Ultrapure reference
Figure 3.1a Yield of filter-retained auto-aggregates (mg/l) grouped by DOC type 
(top). Grey bars = unsterillzed; dark bars = sterilized. (n=3; 95 % confidence 
Intervals)
Allochthonous Ultrapure referenceadromous
Figure 3.1b Yield of filter-retained hetero-aggregates (mg/l) grouped by DOC 
type (top). Grey bars = unsterillzed; dark bars = sterilized. (n=3; 95 % 
confidence intervals)
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3.4.1.2 Hetero-aggregates (kaolin-treated)
Significant differences in aggregate yield were found between all unsterillzed samples 
within the hetero-aggregated groups (p<0.01), with the anadromous DOC aggregate yield 
(17.6 mg/l) greater than ultrapure (9.7 mg/l) and allochthonous DOC (7.0 mg/l). The 
same response order was found for the sterilized DOC types with the anadromous yield 
(12.1 mg/l) greater than ultrapure (6.9 mg/l) and allochthonous DOC (6.3 mg/l), but in 
this case only the anadromous replicates were statistically different (p<0.01). Sterilization 
significantly reduced the hetero-aggregate yields from both the anadromous and the 
ultrapure samples, but had no significant effect on the hetero-aggregate yields of the 
allochthonous suspensions (p<0.01) (Figure 3.1b).
3.4.2 Carbon partitioning
The amount of DOC partitioned to the sedimenting fraetion was determined by difference 
from the initial and post-floceulation DOC values. A majority of dissolved earbon values 
for the ultrapure water eontrols were below instrumental quantitation limits, limiting this 
analysis to the anadromous and alloehthonous replicates only. The percentage of 
dissolved carbon partitioned was significantly different between the two DOC types 
across all treatments (Figures 3.2a, b), with the means of 60.5 % for the anadromous 
DOC (Figure 3.2a), and 0.5% for the allochthonous DOC (Figure 3.2b). Within the 
anadromous DOC, a significant difference was found between the sterilized (58.0 %) and 
unsterilized (63.2 %) kaolin-free solutions (p<0.01). Within the allochthonous DOC 
samples, more carbon was partitioned to hetero-aggregates than to the auto-aggregates for 
both the sterilized and unsterilized samples (p<0.01).
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Hetero-aggregatesAuto-aggregates
FIGURE 3.2a The percentage of anadromous DOC partitioned to fiiter-retained 
aggregates after 7 days flocculating. Grey bars = unsteriiized; dark bars = steriiized. 
(95% confidence intervais; n=3)
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FIGURE 3.2b The percentage of allochthonous DOC partitioned to filter-retained aggregates after 7 
days flocculating. Grey bars = unsterilized; dark bars = sterilized. (95% confidence intervals; n=3)
3.4.3 Floe characteristics
3.4.3.1 Maximal floe size (Dis)
The D25 of the auto-aggregates was not significantly influenced by DOC type or by 
sterilization (p>0.01, Figure 3.3a). A similar result was found with the median floc-size 
analysis (Table A.2). A few auto-aggregates were found in the ultrapure blanks, but 
represent < 1% of the auto-aggregate total. Thus, any aggregate contribution from the 
ultrapure water dilutant to the particle distribution of either DOC type is considered 
minimal.
The D25S of the hetero-aggregates were significantly different between the unsterilized 
DOC types (p<0.01), with the anadromous D25 (1.85 mm) larger than allochthonous (1.07 
mm) and ultrapure (0.48 mm) (Figure 3.3b). With sterilization, the hetero-aggregated 
anadromous D25 (1.09 mm) was significantly greater than both the allochthonous D25 
(0.47 mm) and the ultrapure D25 (0.40 mm) (p<0.01). The same statistical differences 
were found in the median floc-size analysis for both sterilized and unsterilized hetero­
aggregates (Table A.2). The maximal floe sizes of the unsterilized hetero-aggregates 
were significantly greater than the sterilized hetero-aggregates for both the anadromous 
(1.85 mm vs 1.09 mm) and the allochthonous (1.07 mm vs 0.46 mm) (p<0.01), but no 
difference was found between the sterilized and unsterilized D 25S of the ultrapure hetero­
aggregates.
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« 0.2
Figure 3.3a Auto-aggregate equilibrium fioc size (D2 5), grouped by 
DOC type (top). Grey bars = unsteriiized; dark bars = steriiized. (n=3; 
95 % confidence intervals)
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Figure 3.3b Hetero-aggregate equilibrium fioc size (D2 5 ), grouped by 
DOC type (top). Grey bars = unsteriiized; dark bars = steriiized. (95 % 
confidence intervals; n=3)
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3A.3.2 Floe density/settling characteristics
Median density values ranged from 1.014 g/em^ to 1.099 g/cm^ across treatments 
(Appendix, Table 5.3). The average density of the anadromous floes (1.033 g/cm^) was 
significantly less than the allochthonous floes (1.059 g/cm^) (p<0.01), but neither was 
statistically different than the ultrapure floes (1.045 g/cm^). Within both DOC types, the 
unsteriiized auto-aggregates had the highest densities and the unsteriiized hetero­
aggregates had the lowest. Median floe density was significantly to maximal floe size 
(D25) (Pearson’s r=-0.522, n=30, p<0.01. Post hoc analysis determined that the mean floe 
density of the hetero-aggregate replicates (1.034 g/cm^) was significantly less than the 
mean auto-aggregate floe density (1.063 g/em^) (p<0.01).
The median settling velocities were not significantly different between or within the DOC 
types (p>0.01). Settling velocities ranged from 0.51 to 0.91 mm/sec for the anadromous 
floes, 0.58 to 0.95 mm/sec for the alloehthonous floes, and 0.60 mm/see to 0.73 mm/see 
for the ultrapure hetero-aggregates.
3.4.4 SEM image analysis
High resolution scanning electron microscope images of individual floe structures 
indicate a high degree of bacterial association and incorporation into the unsteriiized 
anadromous floes. In many of the anadromous hetero-aggregated floes, a sizable 
percentage of the floe is clearly composed of attached rod-type bacteria (Figure 3.4).
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iFigure 3.4 SEM image of an unsteriiized anadromous hetero-aggregate floe with associated baeteria
Figure 3.5 SEM image of an unsteriiized ailochthonous hetero-aggregate
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Figure 3.6 SEM image of an unsteriiized anadromous auto-aggregate (no kaolin).
Figure 3.7 SEM image of an unsteriiized allochthonous auto-aggregate (no kaolin).
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Many unattached large rod-type flagellated baeteria (~4 pm) were observed on the filters 
of the unsteriiized anadromous samples. The hetero-aggregated allochthonous floes were 
very similar to the anadromous hetero-aggregates, but rarely populated by attached 
bacteria (Figure 3.5). Many individual small rod-type flagellated bacteria (~1 pm) were 
observed on the filters of the unsteriiized allochthonous samples. The ultrapure floes 
were generally indistinguishable from the allochthonous floes; compact layering of clay 
platelets which were effectively bacteria-ffee.
The unsteriiized anadromous auto-aggregates appeared much smoother and continuous, 
and had many fewer attached bacteria than the hetero-aggregated floes (Figure 3.6). The 
unsteriiized allochthonous auto-aggregates were very similar to the anadromous auto­
aggregated floes; a smooth flowing surface with continuous layering (Figure 3.7), but 
attached or associated bacteria were not observed.
Sterilization did not appear to change the appearance of the auto-aggregated and hetero- 
aggregated floes of either the allochthonous or ultrapure treatments. With the sterilized 
anadromous floes, the morphology was similar to the unsteriiized floes, but incorporated 
bacteria were very rarely observed.
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3.5 Discussion
3.5.1 Aggregate yield
In this investigation, the aggregates ean be viewed as two major groups: auto-aggregates 
(organic-organic complexes), and hetero-aggregates (organic-inorganic complexes). The 
auto-aggregate yields of the ultrapure blanks were not statistically different from zero. 
Consequently, any aggregate contribution from the ultrapure water dilutant to the 
aggregate yield of either DOC type is considered negligible. The large differences in 
aggregate yields between these groups across all treatments (Figures 3.1a vs 3.1b) is 
reasonable considering the relatively larger number of particles present in the kaolin- 
treated replicates, which increases the probability of inter-particle collision and 
aggregation.
The average auto-aggregate yield of the unsteriiized anadromous DOC was over six times 
greater than unsteriiized alloehthonous DOC (Figure 3.1a). This indicates a fundamental 
compositional difference in the anadromous DOC which promotes the formation of stable 
organic floes, likely through a greater degree of inter-particle linking. The differences 
between the auto-aggregate yields of the sterilized anadromous and alloehthonous 
samples were even larger (~20x), but within each of the DOC types, the aggregate yields 
were significantly reduced by the sterilization treatment. Sterilization also resulted in 
significant reductions in the hetero-aggregate yields within the DOC types, suggesting 
that bacterial metabolic activity is an influencing factor in the aggregation of both organic
77
and inorganic material. A similar conclusion was reached by Buffle and Leppard (1995), 
who speculated that microbial-produced exopolymers may induce flocculation through 
inter-particle bridging.
The hetero-aggregate yields of the unsteriiized DOC types (Figure 3.1b) better reflect the 
aggregation process of natural streams carrying a moderate suspended load of inorganic 
particles. The clear differences in allochthonous and anadromous hetero-aggregate yields 
again suggests a fundamental compositional difference which is influencing floe 
formation. The hetero-aggregate yield of allochthonous DOC was significantly lower 
than the ultrapure samples, indicating particle stabilization by the DOC type. These 
results are consistent with observations of the allochthonous-stabilization of many colloid 
types (Tipping and Higgins, 1982; Jekel, 1986; Wilkinson et al., 1997), and likely due to 
the surface adsorption of terrestrial fulvie aeids (Jekel, 1986; Kretzschmar et al., 1993). 
Conversely, the signifleantly higher hetero-aggregate yield of the anadromous samples, 
compared to the ultrapure and allochthonous samples, indieates a de-stabilizing property 
inherent in the anadromous DOC which could potentially influence the sedimentation of 
inorganic particles and particle-associated toxins following spawning events in natural 
systems.
3.5.2 Carbon partitioning
The large differenee in the amounts of DOC partitioned to the filter-retained aggregates 
(Figures 3.2a vs 3.2b) indicates a fundamental difference in the adsorption potential of
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the DOC types, supporting the second general hypothesis. The minor reduction of 
allochthonous carbon does not necessarily indicate a lack of association with the 
inorganic colloids, because any DOC adsorbed to aggregates smaller than the cut-off size 
of the GF/C filter will be included in the final DOC analysis of the filtrate. Many 
researchers have reported that surface adsorbance of allochthonous DOC inhibits 
aggregate formation, so the small amounts of DOC lost during the process may be a 
reflection of the smaller yield of filter-retained aggregates. The -60% removal of 
dissolved anadromous carbon across all treatments clearly demonstrates that a large 
component of the anadromous compositional pool is actively adsorbing to both organic 
and inorganic particles, possibly enhancing the formation of settleable aggregates. 
Sterilization reduced the percentage of carbon partitioned to the hetero-aggregates and to 
the auto-aggregates of the anadromous DOC, partly supporting the fourth hypothesis. The 
slight reduction of carbon loss with the sterilization treatment suggests a small 
component of the anadromous pool is possibly being assimilated by scavenging bacteria, 
but the difference is minor when compared to the overall particle-associated losses 
(Figure 3.2a). No significant differences were found from the sterilization treatment of 
the allochthonous samples, in fact, only the losses of the allochthonous hetero-aggregates 
were significantly different than zero (p<0.05). This indicates that bacterial assimilation 
of allochthonous DOC, if any, is minor, and that very little allochthonous carbon from the 
dissolved pool is associated with the filter-retained auto-aggregated and hetero- 
aggregated floes.
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These results, combined with the aggregate yields, have implications to natural spawning 
systems. In pre-spawn conditions, the DOC of the allochthonous-dominated system 
promotes the dispersion of colloidal particles, reducing potential sediment loading, and 
produces floes with negligible carbon from the dissolved pool cycling into the sediments. 
Conversely, the loading of a system with anadromous DOC following die-off has the 
short-term potential to greatly increase sediment loading, and the amount of carbon 
cycled into the sediment. This has two ecosystem ramifications: the localized 
sequestering and deposition of particle-adsorbed metals and toxins to the sediments poses 
a risk of toxic uptake to benthic scavengers and grazers (Guo et al., 2001), and the 
assimilation of the increased carbon load which can cause a rapid depletion of dissolved 
oxygen in the sediments, resulting in a decreased redox potential and the re-mobilization 
of labile metal ions (Mortimer, 1971; Kalff, 2003).
3.5.3 Floe characteristics
3.5.3.1 Maximal floe size (D25)
The third hypothesis tested, that source-dependent compositional differences of the DOC 
types would influence the physical characteristics of the aggregates, was supported by the 
maximal floe size results. The D25S of the anadromous hetero-aggregates were 
significantly greater than the allochthonous hetero-aggregates with and without microbial 
sterilization. This is consistent with a fundamental difference in the ability of the DOC 
types form stable inter-particle bridges, influencing the strength or flexibility of the
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resulting floes. The signifieant reduction in the maximal size of both DOC types with the 
sterilization treatment further suggests that metabolic by-products are strongly 
influencing the integrity, and hence the size distribution of particle aggregates. Further, 
the mean D25 of the sterilized alloehthonous hetero-aggregates was not significantly 
different than the ultrapure hetero-aggregate D25, which was unaffected by the 
sterilization treatment. This result suggests that in the unsteriiized colloidal suspensions, 
the increased maximal floe size of allochthonous DOC likely results from metabolic 
byproducts, not from compositional entities of the bulk alloehthonous pool. In 
comparison, the reduction in the anadromous D25 size from the sterilization treatment 
also indicates bacterial activity may increase the stability of partiele-particle associations. 
However, the significantly higher D25 of the sterilized anadromous hetero-aggregates, 
when compared with the sterilized allochthonous hetero-aggregate D25, suggests that 
components of the anadromous pool, lacking in the alloehthonous pool, are also strongly 
influencing the structural durability of the aggregates.
No difference was found between the D25S of the anadromous and alloehthonous auto­
aggregated floes, with or without the sterilization treatment. This result indicates that the 
maximal floe size is not influenced by bacterial activity in the absence of inorganic 
colloids. This suggests it is a combination of bacterial activity coupled with the presence 
of a colonizing surface which has the greatest influence on the strength or flexibility of 
the forming floes. This conclusion is partly supported by the analysis of the median 
particle size, which also indieates a bacterial effect on the hetero-aggregates of both DOC 
types that is not observed with their auto-aggregates (Table A.2). Another feature in
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common between the D25 and median floc-size analyses is the sterilized anadromous 
hetero-aggregate replicates have a significantly higher median floe size than the matehing 
allochthonous and ultrapure replicates, further supporting the hypothesis that the genesis 
of the dissolved carbon and associated bacterial activity can strongly influence the 
quantity and morphology of generated floes.
3.S.3.2 Floe density
The average anadromous floe density (1.033 g/cm^) was significantly lower than the 
allochthonous floe density (1.059 g/cm^), also supporting the third hypothesis. However, 
the strong correlation between the kaolin treatments and floe density indicates that 
differences in floe density may result from interaction between the kaolin and DOC 
treatments. Median floe density was also strongly correlated to D25 maximal floe size 
(Pearson’s r=-0.522; p<0.01; n=30). Thus, higher equilibrium floe sizes correlate with 
lower floe densities, perhaps explaining why no significant differences were found 
between the median settling velocities of the floes across all treatments (Table 5.3).
3.5.5 Scanning microscope images
Inspeetion of the SEM floe images indicates a fundamental structural difference between 
the auto-aggregate and hetero-aggregate floes. The smooth compact appearance of the 
auto-aggregates of both DOC types (Figures 3.6 and 3.7), eompared with the looser, more 
porous nature of the hetero-aggregates of both DOC types (Figures 3.4 and 3.5), suggests
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higher density and possibly less flexibility which may account for the reduced maximal 
floe sizes associated with the auto-aggregated floes.
The incorporation of bacteria into floes can strongly influence the settling characteristics 
of freshwater aggregates (Grossart and Simon, 1993). Attached bacteria are seen in most 
of the SEM images of the unsteriiized anadromous floes (Figures 3.4 and 3.6), no 
significant relationship was found between bacterial colonization and settling velocities. 
It is noted that the anadromous floes, the only hetero-aggregated floes found with 
attaehed baeteria, had a significantly higher aggregate yield and maximal floe size than 
their sterilized counterparts within the anadromous group or than the corresponding 
treatments of the alloehthonous group. This suggests that the presence of colonizing 
baeteria markedly increases the strength or flexibility of the inter-particle associations, 
resulting in a greater proportion of aggregates large enough to be retained on the filters. 
While the significant reduction in D25 and in aggregate yields from the sterilization 
treatment for hetero-aggregated floes of both anadromous and allochthonous DOC 
supports the hypothesis of a bacterial influence on floe formation, the absence of attached 
bacteria with the allochthonous floes suggests that this effect is not limited to colonizing 
bacteria.
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3.6 Conclusions
The genesis of dissolved organic carbon can significantly influences the amount of GF/C- 
retained aggregates formed in both organic and inorganic colloidal suspensions under the 
experimental conditions. The anadromous-based yields were significantly greater than the 
allochthonous and ultrapure yields across all treatments. The yield of allochthonous 
hetero-aggregate floes was less than the corresponding ultrapure yields, indicating 
enhanced particle stability from terrestrially-derived DOC. The reduction in aggregate 
yields from the sterilization treatments within each DOC type suggests that microbial 
metabolic activity may be contributing to the formation of network floes, particularly in 
the presence of kaolin. The major depletion of anadromous dissolved carbon during the 
aggregation process indicates a fundamental difference in the partitioning properties of 
the DOC types. The minimal difference in carbon depletion resulting from microbial 
suppression suggests that the loss of anadromous DOC likely results from colloid 
adsorption, not from bacterial assimilation.
The similar maximal floe size of the auto-aggregates across treatments suggests that in 
the absence of kaolin, the origins of the DOC does not affect the structural integrity of the 
floes, nor does bacterial metabolic activity. In the presence of kaolin, however, the 
anadromous DOC produces floes with significantly greater maximal sizes than the 
allochthonous DOC, with or without sterilization. Within the DOC types, the reduction in 
maximal size from the sterilization treatment indicates that bacterial metabolism 
contributes to floe strength, but only in the presence of kaolin. The maximal size of the
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sterilized anadromous hetero-aggregate floes were signifleantly greater than the 
eorresponding allochthonous and ultrapure floes, suggesting components of the 
anadromous pool, not present in the alloehthonous pool, are also contributing to the 
strength or flexibility of the generated floes.
The median density of the alloehthonous floes was greater than the median density of the 
anadromous floes irrespective of treatment. The median floe density was not affected by 
the sterilization treatment, and was influenced more by the presence or absence of 
inorganic substrates than by the origin of the DOC used in the treatment.
Taken together, the results suggest a potential for increased sedimentation in natural 
spawning systems following die-off, and concomitant increases in carbon, nutrient and 
toxin cycling to the sediments.
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Chapter 4 
Thesis Summary
My overall objective was to investigate the influence of DOC genesis on the aggregation 
of kaolin. The DOC types investigated were allochthonous (plant-based), autochthonous 
(algal-based) and anadromous (animal-based). Three hypotheses were tested in the first 
experiment: (1) DOC type would significantly influence the aggregate yield of kaolin, (2) 
DOC type would significantly influence the amount of carbon partitioning to the filter- 
retained aggregates, and (3) the surface tension of the DOC types would significantly 
correlate to the carbon-partitioning and aggregate yield charaeteristies.
The influence of DOC genesis on the aggregation of kaolin was elearly demonstrated in 
the first experiment, fully supporting the second and third hypotheses and generally 
supporting the first. Aggregate yield was strongly dependent on DOC type, as was the 
degree of carbon partitioning. Variation in hydrophobic/surface-active eontent between 
the DOC types was strongly correlated to both the degree of carbon partitioning and the 
aggregate yield, consistent with surface-adsorption and inter-particle bridging as the 
likely aggregation mechanism. Further, surface tension proved to be an accurate predictor 
of aggregate yield under the experimental eonditions. This indicates that investigation of 
its predictive qualities over a wider range of environmental conditions is warranted.
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The results of the first experiment answered several questions about the influence of 
DOC quality on the aggregation of kaolin, but raised several others. For example, does 
the DOC type influence the morphology and settling characteristics of the aggregates? 
What are the aggregation characteristics of the DOC types in the absence of kaolin? Is the 
bio-lability of the DOC types influencing the production of microbial-derived bridging 
compounds? The second experiment was designed to address these specific questions.
The second experiment compared allochthonous and anadromous DOC, and ultra-pure 
carbon-free controls. Four hypotheses were tested; (1) DOC type would significantly 
influence the yield of auto-aggregates (no kaolin) and hetero-aggregates (kaolin added), 
(2) DOC type would significantly influence the amount of carbon partitioning to the 
filter-retained auto-aggregates and hetero-aggregates, (3) DOC type would significantly 
influence the morphology and size distribution of auto-aggregated and hetero-aggregated 
floes, and (4) the metabolic activity of heterotrophic bacteria would significantly 
influence both the yield and morphology of auto-aggregates and hetero-aggregates.
The auto-aggregate and hetero-aggregate yields were significantly influenced by DOC 
type, as were the amounts of partitioned carbon. These results supported hypotheses 1 
and 2, and agreed well with those of the first experiment. DOC type influenced the 
equilibrium floe size of the hetero-aggregates only, partly supporting hypothesis 3. 
Sterilization significantly reduced both auto-aggregate and hetero-aggregate yields and 
the equilibrium size of the hetero-aggregate floes, partly supporting hypothesis 4.
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Sterilization did not influence the equilibrium floe size of the auto-aggregates, nor the 
amount of carbon partitioned to them. It is noted that the reduction in aggregate yields 
from sterilization is consistent with theory that microbial metabolic activity may promote 
flocculation by the production of bridging compounds.
From these results I concluded that in bio-active systems, the source-dependent 
variability of natural DOC can significantly influence the yield of settling aggregates, the 
amount of carbon cycled with the aggregates, and the physical characteristics of the floes. 
Taken together, these conclusions have implications to natural systems. For example, the 
loading of spawning streams with anadromous DOC can potentially increase colloid 
aggregation and sedimentation, resulting in benthic loading of both nutrients and toxins. 
Although further studies are required to define the consequenees of inereased 
aggregation, DOC quality is clearly a regulating factor in the process.
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5.1 M ECH ANICAL FLO C C U LA TO R
?
Motor-driven tubes
rotated
DOC type Solution pH 
(+/- 0.05)
Std. Conductivity 
(jiS/cm)
DOC concentration 
(mg C/1)
Allochthonous
initial pre post initial pre post initial pre post
7.4 7.0 7.3 (0.1) 66.9 190.6 191.7 (0.2) 10.62 6.29 6.06 (0.2)
Autochthonous 7.7 7.0 7.2 (0.1) 20.6 191.0 192.6 (0.3) 6.13 6.13 4.62 (0.1)
Anadromous 8.0 7.0 7.4 (0.2) 190.3 190.4 160.4 (0.5) 406.00 6.26 2.45 (0.2)
E-pure control 6.6 7.0 6.9 (0.1) 5.9 190.3 194.5 (0.2) 0.13 0.13 0.19 (0.1)
Table 5.2 Table of Chapter 2 initial, amended (pre-flocculation) and mean post­
flocculation solution parameters of pH, standard conductivity (pS/cm) and dissolved 
organic carbon (mg C /I). (1 standard deviation in parentheses)
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Aggregate yield (mg/1) Anadromous Allochthonous Ultrapure
untreated 2.3 (0.05) a 0.4 (0.01) b 0.1 (0.05) e
azide 2 .0  (0.01) a 0.1 (0.05) b 0.0 (0.04) b
kaolin 17.6 (0.45) a 7.0 (0.09) c 9.7 (0.50) b
kaolin/azide 12.1 (0.04) a 6.3 (0.05) b 6.9 (0.64) b
D O C  partitioned (%)
untreated 63.2 (1.20) a 0.2 (0.45) b n/a
azide 58.0 (0.80) a -0.6 (0.17) b n/a
kaolin 61.9 (1.16) a 1 .6 (0 .10) b n/a
kaolin/azide 59.1 (0.96) a 0.9 (0.25) b n/a
Maximal floe size (mm)
untreated 0.50 (0.077) a 0.55 (0.051) a n/a
azide 0.57 (0.045) a 0.52 (0.028) a n/a
kaolin 1.85 (0.208) a 1.07 (0.057) b 0.48 (0.018) c
kaolin/azide 1.09 (0.054) a 0.47 (0.037) b 0.39 (0.029) b
Median floe size (mm)
untreated 0.15 (0.034) a 0.11 (0.018) a n/a
azide 0.08 (0.000) a 0.07 (0.009) a n/a
kaolin 0.48 (0.036) a 0.09 (0.007) b 0.07 (0.009) b
kaolin/azide 0.09 (0.007) a 0.05 (0.000) b 0.05 (0.000) b
Median settling velocity (mm/sec)
untreated 0.905 (0.178) a 0.884 (0.187) a n/a
azide 0.508 (0.216) a 0.588 (0.148) a n/a
kaolin 0.739 (0.211) a 0.944 (0.126) a 0.725 (0.428) a
kaolin/azide 0.669 (0.129) a 0.718 (0.244) a 0.599 (0.161) a
Median particle density (g/cm^)
untreated 1.053 (0.029) a 1.099 (0.032) a n/a
azide 1.044 (0.023) a 1.058 (0.026) a n/a
kaolin 1.014 (0.006) a 1.029 (0.004) a 1.027 (0.019) a
kaolin/azide 1.021 (0.003) b 1.050 (0.005) a 1.063 (0.012) a
Table 5.3 Table of mean values of the aggregate characteristics of Chapter 3 with 1 
standard deviation (parentheses). Between rows, means followed by different letters 
(bold) are significantly different (p<0 .0 1 )
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5.4 Experimental Methods
Fixation/de-hvdration of biological samples ('modified after Paerl et. al. 1973):
Note: The eritieal point drying bomb ean only aeeommodate 4 samples at one time, so 
the sample preparation should be eondueted in maximum sets of 4.
1) 25 mm 0.1 um nucleopore filters were treated with 1 ml 1% poly-L-lysine for 5 
minutes, then aspirated under low vacuum.
2 ) 1 ml of each sample containing a small amount of aggregate material was
extracted with a modified, wide mouth pipette and filtered under low vacuum.
3) The filters and captured aggregates were again treated with 1 ml of 1% poly-L- 
lysine for 5 minutes to enhance adhesion, then aspirated.
4) 1 ml of sterile phosphate buffer was introduced, followed by 1 ml of 4%
gluteraldehyde* (v/v final concentration 2% GTA), and filtered after 60 minutes.
5) 1 ml of a 30% ethanol/HiO solution was applied, and filtered after 20 minutes.
6 ) 1 ml of a 70% ethanol/HiO solution was applied and filtered after 20 minutes.
7) 1 ml of a 90% ethanol/HiO solution was applied and filtered after 20 minutes.
8 ) 1 ml of 1 0 0 % absolute ethanol* (anhydrous) was applied, filtered after 2 0
minutes, and the final ethanol step ( 1 0 0 %) repeated a second time.
9) 1 ml of 100% anhydrous acetone* was applied to each sample and allowed to
exchange for 2 0  minutes before filtration removal, followed by a second 1 0 0 % 
acetone treatment (alternately, amyl acetate may be substituted for acetone).
10) Immediately following the final acetone treatment, the filters were removed and 
secured in magnetic frames for Critical Point Drying (see next procedure).
Note: Gluteraldehyde is both toxic and hygroscopic. Extreme care is required with it’s 
use and disposal (refer to MSDS).
Note: Absolute (anhydrous) ethanol must be used in step 8  of this procedure. Reagent 
purity should be maintained with the use of desiccating molecular sieve pellets. 
The acetone of step 9 must also be totally anhydrous, also treated with molecular 
sieve pellets to ensure purity.
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Critical point drying and mounting of prepared aggregates:
1) Denton CPD apparatus should be conneeted to a tank of supereritieal-fluid- 
extraction grade CO2 (must have an internal eduetor tube), and the system briefly 
flushed to displace any CO2 gas in the lines with C0 2 liquid. *Close all valves*
2) Filters should be carefully sandwiched between two open-eentered magnetie 
plates immediately following the final acetone aspiration.
3) Up to 4 filters can be placed in the brass sample platform and inserted into the 
bomb chamber. Lock chamber closed by rotating the steel yoke counter-elockwise 
and tightening the locking knob. Ensure the input and exhaust valves are elosed.
4) Open the main tank valve, and slowly turn the input valve to open. Pressure 
should read about 900 psi. Open the exhaust valve slightly, allowing gaseous CO2 
to vent until CO2 snow begins to “spit” out the eopper exhaust tube (bomb is now 
filled with CO2 liquid). Close the exhaust valve snuggly, and wait 15 minutes.
5) Briefly open exhaust valve slightly to bleed off any gas and replenish the liquid. 
*Close the exhaust valve snugglv. then close the input valve.* Have the 
stainless-steel container filled to about 4 em from top with 50 -55C water.
6 ) Raise the hot water container around the bomb chamber, and swing the platform 
under the container to hold it. Water level should be just below the sealing-ring of 
the bomb, with the block of the exhaust valve partially submerged. The pressure 
in the sealed bomb will immediately begin to rise.
7) To prevent excessive bomb pressure, when the gauge reaehes about 1650 psi, the 
exhaust valve should be slightly opened to stabilize the pressure at about 1650. 
After stabilization, the valve should be opened such that about 150 psi is lost per 
minute.
8 ) After the bomb has reaehed room pressure (10-15 minutes), remove the water 
eontainer and completely dry away any water from the yoke and around the 
sealing ring. *Open the exhaust value fully to ensure zero pressure*
9) If pressure is zero, unserew tightening knob and rotate the steel yoke clockwise to 
allow the removal of the bomb-chamber top. Carefully remove the brass sample- 
bolder from the chamber, and replace the top. *Close all three valves*.
10) Samples are now totally de-hydrated and ready for SEM preparation.
Note; This apparatus IS a bomb. Ensure that ehamber lock-down and valve procedures 
are followed explieitly. If in doubt, eonfer with a supervisor and/or manual.
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Specimen mounting procedure for scanning electron microscopy.
1) Apply a double-sided glue-pateh to the top of a fresh aluminum mounting stub. 
Alternately, carbon-paint may also be used as the fixative, but tends to lose it’s 
“stickiness” too quickly in some cases (unsecured mount -  poor imaging)
2) Carefully separate the magnetic filter plates and center the filter on the stub. The 
filter must be firmly attached to the stub. This is easily accomplished by pinning 
the filter on one side of the stub, stretching the filter diagonally across the stub 
with forceps and pulling it down firmly onto the glue surface. Repeat the streteh- 
and attach procedure at 60^ intervals around the stub to remove wrinkles.
3) Use the sharp edge of a razor knife along the top edge of the stub at a 45*^  angle, 
“scraping” a cut through the filter around the stub perimeter. Remove extraneous 
filter.
4) Place specimen in Denton sputter-eoater, close ehamber, turn on argon gas valves.
5) Turn side-switeh of unit “on”. Wait until pressure drops to 50, then press 
“sputter” button. Wait until pressure drops to 50 , then press “sputter” again.
6 ) When pressure reaches 50, press “manual start” to begin the coating process. 
Adjust the current-control to maintain current at 45. Observe the timer.
7) Allow coating to continue for 60 seconds (smooth sample), 90 seconds (moderate 
sample) or 120 seconds (rough or irregular sample). Press “manual stop” when 
desired time is reached.
8 ) Turn off side-switeh, close both argon valves, remove coated specimens from the 
chamber and store in a desiccator.
Note: Ensure the rubber sealing ring is lubricated with vacuum grease and is properly 
seated around the top of the ehamber before closing and initiating vacuum. Avoid 
getting any grease on the inner surface of the ring or chamber.
Note: Avoid looking at the coating chamber during coating process. The use of welding 
goggles is recommended during this step.
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Scanning electron microscope:
1) From standby mode (HT off, current 1.0 amps), press *Vaeuum -  vent (ok)
2) When vented, earefully slide the front door face-plate open to expose ehamber.
3) Use gloves! Use hexagonal Allen key to loosen fastening serew on side of stub 
platform. Remove any resident sample stub vertically with steel forceps and 
return it to the appropriate sample storage container.
4) Insert sample stub into stub platform with forceps. Ensure the stub is completely 
inserted and is flush to the platform. Tighten set screw with Allen key.
5) Adjust platform (screw in or out) so the top of the sample is the same height as 
the bottom of the “elephant’s” trunk when placed on the adjaeent steel frame.
6) Close door, pushing in lightly at the top while pressing * Vacuum -  “pump on”.
7) When *Vaeuum - “vae-ok” indicated, press “HT 10 KV” button “on”. Wait 30 
seconds: select (menu) *Beam -12 KV, wait 30 seconds: *Beam -  15 KV, wait 
30 seconds: select *Beam -  20 KV.
8) In “filament current” field, change from 1.0 to 1.2 amps,- ok, wait 30 seconds: 1.4 
amps -  ok, wait 30 seconds: 1.6 amps -  ok, wait 30 seconds ; 1.8 amps - ok, wait 
30 seconds: and finally 1.96 amps -  ok.
9) From beam-control panel, select “X-over”. Use mouse in adjacent X-over control 
grid to center beam spot in crosshairs in the middle of the screen. X-over “o ff’.
10) Adjust brightness/contrast: set contrast to zero, click leftmost top menu button, 
adjust brightness till output signal overlays bottom bar, increase contrast till 
output signal reaches the top bar. Escape screen with leftmost top menu button.
11) Top menu * Stage -  “home stage” -  “yes”. Adjust focus by dragging left or right 
on screen while holding down the right mouse button. Move stage platform by 
left- click- and- hold with cursor in the quadrant of the screen which is desired.
12) Select magnification, beam spot-size, and slow scan/photoscan from drop-down 
menus. *Filter-freeze, * In/out “image” or “videoprint” for image capture.
13) To standby/change specimens: Step-down filament current from 1.96 to 1.0 (in .2
increments every 30 seconds). When current =1.0 amps, step-down beam from 20 to 10
KV (also in increments at 30 second intervals). When beam =10 KV, elick HT button
“o ff’. Vent vacuum to change specimen, or turn off monitor to leave in standby mode.
NOTE: Standbv = ( HT “off’, current =1.0 ampsV
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Figure 5.5: Couiter-counter anaiysis of dispersed kaoiin particle distribution. Three replicate analyses of 
two kaolin stocks prepared by standard method of experiment 2.
